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and honored mother, Mrs. Hepsa Ely Silliman. 

On this foundation Yale College was requested and directed to estab- 
lish an annual course of lectures designed to illustrate the presence and 
providence, the wisdom and goodness of God, as manifested in the 
natural and moral world. These were to be designated as the Mrs. Hepsa 
Ely Silliman Memorial Lectures. It was the belief of the testator that 
any orderly presentation of the facts of nature or history contributed 
to the end of this foundation more effectively than any attempt to em- 
phasize the elements of doctrine or of creed; and he therefore provided 
that lectures on dogmatic or polemical theology should be excluded from 
the scope of this foundation, and that the subjects should be selected 
rather from the domains of natural science and history, giving special 
prominence to astronomy, chemistry, geology, and anatomy. 
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poration of Yale University in the year 1901 ; and the present work con- 
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To the memory of 
THOMAS BUER OSBORNE 


Gather a single blade of grass, and examine for a minute, 
quietly, its narrow sword-shaped strip of fluted green. 
Nothing, as it seems there, of notable goodness or beauty. 
A very little strength, and a very little tallness, and a 
few delicate long lines meeting in a point, — not a perfect 
point, neither, hut blunt and unfinished, by no means a 
creditable or apparently much cared-for example of Na- 
ture’s workmanship; made, as it seems, only to be trod- 
den on today, and tomorrow to be cast into the oven; and 
a little pale and hollow stalk, feeble and flaccid, leading 
down to the dull brown fibres of roots. And yet, think of 
it well, and judge whether of all the gorgeous flowers that 
beam in summer air, and of all strong and goodly trees, 
pleasant to the eyes or good for food, — stately palm and 
pine, strong ash and oak, scented citron, burdened vine , — 
there be any by man so deeply loved, by God so highly 
graced, as that narrow point of feeble green. 

JOHN RUSKIN 

Modben Paintees, Vob. Ill, Pt. 4, Ch. 14, 


PREFACE 


I N this book my Silliman Lectures are presented in an 
expanded form. I have, in the first four chapters, dis- 
cussed the question of protein metabolism in seed- 
lings and have attempted little more than to consolidate 
the scattered contributions of many of the earlier investi- 
gators— particularly Pfeffer, Schulze, and Prianischni- 
kow — -and have tried to show that their work cannot be 
viewed in true historical perspective except in terms of 
contemporary protein chemistry. As I believe that this 
section of the book will be of interest to students of both 
biochemistry and plant physiology I make no apology for 
the rather detailed nature of the matter presented. 

The remaining chapters deal in large part with the pro- 
teins of leaves and their metabolism. Here much of the 
work is admittedly speculative, and in reviewing the pres- 
ent position I have found it necessary in certain cases to 
address myself to the original workers concerned. I have, 
accordingly, adopted throughout this section of the book 
a freer form of writing and have permitted myself a cer- 
tain latitude not only in the choice of subject matter, but 
also in voicing my own opinions. At the present stage in 
the somewhat backward development of this important 
field of research such liberties may, perhaps, be excused 
on grounds of expediency, if only in the hope that the 
book, whatever its merits or faults, may encourage in 
some measure the wider study and investigation of the 
chemical mechanisms of plant metabolism. Should this be 
so I shall feel amply repaid for the time and care entailed 
in its production. 

It gives me pleasure to acknowledge my indebtedness 
to several friends who have helped in the preparation of 
this book. Professor H. B. Vickery has supplied timely 
criticism and unfailing assistance during the writing of 
the manuscript; in particular, hAStfinalated my interest 
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in tlie development of the subject matter of Chapters I 
and II on historical lines by providing me with long ab- 
stracts of certain early papers inaccessible in London. My 
colleague, Professor F. G. Gregory, has looked over the 
whole manuscript and has offered criticisms which have 
been very valuable to me. In thanking both these gentle- 
men for their very great kindness I need hardly say that 
they are in no way committed to the views that I have 
expressed in the text. 

Much of the analytical data given in Chapters VI and 
VII has been provided by workers in my laboratory ; Dr. 
J. W. H. Lugg, in particular, has placed his knowledge of 
amino acid analysis freely at my disposal and to him, and 
to other colleagues — Dr. E. J. Miller, Dr. A. Pollard, Mr. 
M. W. Eees, Dr. G. R. Tristram, Mr. E. G. Westall, and 
Mr. E. F. Williams — ^I am deeply grateful. I also offer my 
appreciative thanks to Dr. J. W. H. Lugg for the very 
valuable discussion which he has presented in Appen- 
dix I, and to Sir John Eussell for permission to reproduce 
portraits of Boussingault and Professor Prianisclinikow. 

My researches on leaf proteins would have made but lit- 
tle progress in recent years without financial assistance, 
and I should like to record here my indebtedness to the 
Imperial Chemical Industries for very generous grants 
during the years 1929-35 to aid an investigation of forage 
crop proteins, and to the Agricultural Research Council 
who have continued since then to support my researches. 

Finally, I should like to thank Professor Vickery for 
his valuable help in the reading and correcting of the 
proof sheets, and the staff- of the Tale University Press 
for their willing co-operation in the production of the 
book. 

A. C. C. 

Imperial College, 

South Kensington; London, S.W. 7. 

16 December 1938. 
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PROTEIN METABOLISM IN THE PLANT 


CHAPTER I 

PROTEIN METABOLISM IN SEEDLINGS 
HISTORICAL REVIEW 

1. Introduction. 

W HEN seeds are allowed to germinate, one of the 
products of metabolism which may accumulate 
in relatively enormous quantities is the amino 
acid amide asparagine. This substance, discovered in 
1806 by Vauquelin and Robiquet (328) who obtained it 
from the juice of asparagus shoots, crystallises with un- 
usual ease in the very characteristic form of its mono- 
hydrate when extracts of plant organs containing a nota- 
ble amount are concentrated and allowed to stand; it is 
not surprising therefore that early in the first half of last 
century asparagine should already have been isolated 
from a number of plant sources and that chemists should 
have become interested in its structure, for Vauquelin 
and Eobiquet had shown that it was a neutral organic 
substance containing nitrogen. As early as 1833, in fact, 
Pelouze (207) had recognised that it was an amide of 
the corresponding acid, aspartic acid, but the constitu- 
tion of the latter remained uncertain until 1862 (Kolbe, 
121) and proof that asparagine was its 3-amide HOaC. 
CH.(NH 2 .)CH 2 .C 0 NH 2 was not finally obtained until 
Piutti’s (218) synthesis of 1887. Meanwhile, however, 
botanists had realised its importance, for the characteris- 
tic crystals of the monohydrate can be readily detected 
under the microscope in slowly dried sections of aspara- 
gine-rich organs, and they had found that under certain 
conditions it was fairly widely distributed in the plant 
kingdom. As a soluble organic nitrogenous substance, a 
possible relationship to protein was soon being discussed, 
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and its metabolism became tbe subject of more than one 
extended enquiry. 

Of these I prefer to give pride of place to the illuminat- 
ing work of Piria (216, 217) published in 1844 which was 
briefly noted by Pfeifer (208) in 1872 and has since then 
remained forgotten until rediscovered by Vickery et al. 
(336) in 1937. Meniei, a pharmacist of Pisa, had had occa- 
sion to grow some vetch seedlings in the dark, and from 
an extract had prepared a small quantity of crystalline 
material which he submitted to Piria at the University of 
Pisa for identification. Piria suspected its nature at once, 
and repeated Meniei ’s experiments on a more extensive 
scale. The substance was asparagine, and he found that he 
could isolate equally large amounts whether the seedlings 
were grown in light or in darkness. Furthermore, as the 
plants exposed to the light approached the flowering 
stage, the amoimt present became very much less and he 
could detect none at all when the fniit was ripening. Since 
none could be isolated from the ungerminated seed, Piria 
concluded that asparagine was produced from a nitroge- 
nous reserve (he suggested a “casein”) during germi- 
nation, that light had no direct influence on its production 
and that it disappeared again when the plants reached the 
stage of flowering and fruit formation. These fundamen- 
tal observations anticipated many of the later researches 
of Pfeffer, Schulze and Prianisehnikow by nearly half a 
century and the validity of his conclusions has never been 
contradicted. 

Dessaignes and Chautard (65) in 1848 confirmed the 
presence of asparagine in vetch seedlings grown both in 
light and in the dark, and in seedlings of nine other mem- 
bers of the Papilionaceae: they could detect none, how- 
ever, in seedlings of buckwheat, pumpkin and oats, even 
when these were grown in the dark, nor could Pasteur 
(202) isolate any from 200 litres of sap obtained from 
vetches approaching the flowering stage. The fact that 
asparagine which had already accumulated in etiolated 
seedlings disappeared rapidly when these were exposed 
to light was first observed by Sullivan (317) in 1858, and 
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was a point emphasised by Boussinganlt (22) when he 
summarised his views in 1868. 

From Boussinganlt ’s work we gain our first insight 
into the quantitative aspects of chemical changes which 
take place during germination. Seeds of the pea, wheat, 
maize and haricot bean were germinated on washed pum- 
ice and kept either in light or in the dark for about a 
month, being watered occasionally with distilled water. 
Dumas analysis showed that under all conditions the ab- 
solute nitrogen content of the seedlings did not change, 
i.e. no nitrogen was excreted, but combustion analysis of 
whole seeds or seedlings showed that growth in the dark 
was accompanied by a large diminution of total carbon, 
hydrogen and oxygen. The following table illustrates (in 
the case of the haricot bean) the magnitude of the 
changes involved, and brings out clearly the differences 
between the plants grown in light and in the dark. In both 
instances the relative amounts of hydrogen and oxygen 
involved are those found in water, and in the darkened 
plants there was a loss of carbon equal to about 40 per 
cent of that present initially in the seed. 

TABLE 1. 


(Prom Boussinganlt, 22.) 

28 days’ growth 


Haricot bean 

In light 

In dark 

26.vi.1859 

■: 

9- 

Weight of ungerminated seed 

0.922 

0.926 

“ “ dried plant 

1.293 

0.566 

Change in organic material 

-1-0.371 

-0.360 

“ total carbon 

+0.1939 

-0.1585 

“ “ “ hydrogen 

-1-0.0200 

-0.0232 

“ oxygen 

-f0.1575 

-0.1781 

nitrogen 

0 

0 


Another analysis by Boussinganlt, this time of maize 
seedlings grown for a month in the dark, showed that 
“glucose” and cellulose increased substantially during 
this period, presumably at the expense of “starch or dex- 
trine,” which made the large carbon loss (about 40 per 
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TABLE 2. 


(Prom Boussingault, 22.) 

Maize seed, planted 5,viL1860 and germinated in the dark for 30 dags. 



Total 

dry 

weight 

“Starch 

or 

dextrine’^ 

“Glu- 

cose” 

Oil 

Cellu- 

lose 

N 

Ash, 

deter- 

m,ined 



9 - 

9 ^ 

9^ 

3 - 


,' f. 

f- 

Seed 

0.489 

0.362 

0 

0.026 

0.029 

0.05 

0.009 

0.013 

Seedling 

0.300 

0 

0.129 

0.005 

0.090 

0,05 

0.009 

0,017 

Change 

>-0.189 

-0.362 

+0.129 

-0.021 

-f-o.oei 

0 

0 

+0.004 


ceat also in tMs case) seem even more remarkable. He 
attributed, this loss to carbon dioxide formation during 
respiratory combustion, and the presence of asparagine 
in the seedlings showed, in his opinion, that starch, dex- 
trin and oil were not the only materials concerned. Just as 
part of the protein ingested by an animal (he argued) is 
modified during respiration to urea, which is excreted, so 
also in the darkened plant there is a similar respiratory 
combustion of protein to give, not urea, for the plant can- 
not excrete, but asparagine, which remains dissolved in 
the saps and can be again utilised by the plant under the 
action of light. Asparagine can thus be produced in the 
roots, stems and leaves, but only in the dark, and it will 
accumulate only as long as the light necessary for its 
modification is withheld. In his opinion this explained 
why he had never found asparagine in the flowering 
plant, except perhaps in the roots. He had noted, however, 
that very young plants growing in the light often did con- 
tain much asparagine ; this he attributed to the propor- 
tionally greater development of the roots, which were 
shielded from light, as opposed to that of the leaflets, 
which were exposed to it. Boussingault’s views are of in- 
terest in that they provide us, for the first time, with a 
reason for the transformation of protein to asparagine, 
and the notion that it might be part of the respiratory 
mechanism of the plant has often commended itself to 
later workers. In particular his> facile analogy between 
urea production in the animal and asparagine production 
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in the plant has been vigorously championed in recent 
years by Prianischnikow. While there is no doubt that it 
does indeed provide a reasonable interpretation of many 
observations, I think we should remember that Boussin- 
gault produced no evidence whatsoever to show that his 
asparagine did in fact originate from protein. Pfeffer 
made this appear fairly certain 10 years later, chiefly 
through ingenious deductive reasoning, but it was not 
proved by chemical analysis until 1876 (Schulze and Um- 
lauft, 299). 

Side by side with this pioneer work on metabolism 
chemists were slowly gaining some insight into the nature 
of the proteins present in seeds. Dumas and Cahours 
(69) in 1842, using their (then) newly developed method 
of determining nitrogen, had shown that there were 
marked differences in their elementary composition and 
that they were not identical with animal proteins, as Lie- 
big had asserted. In 1855 the botanist Hartig (107, 108) 
published the results of his elaborate investigations of 
seeds, in which he showed that ’a large part of the reserve 
protein was present in the cells in the form of crystals 
and grains (aleurone) of more or less definite structure. 
This was followed from 1860 onwards by the more chemi- 
cal studies of Eitthausen (243), who devoted himself for 
many years to the preparation, by extraction with water, 
alcohol or dilute alkali, of proteins of the highest attain- 
able purity. These were analysed, and the results showed 
that protein must occur in many Averse forms in the dif- 
ferent seeds. His work was criticised in 1876 by Weyl 
(360, 361) and in consequence fell into partial disrepute, 
but nevertheless it had a strong influence, as will appear 
later, on the work of Pfeffer and Schulze. 

Hartig (108), who extended his survey to the proteins 
and other nitrogenous products of seedlings, buds, roots, 
tubers and the green parts of plants, noticed repeatedly, 
when he treated sections with absolute alcohol, the crys- 
tallisation in characteristic form of a substance (really a 
group of substances) rich in nitrogen which he called 
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states, “The apparently general occurrence of tMs crys- 
tallisable substance in all the young cell-tissues, indicates 
that its solution is the form in which the nitrogenous nu- 
tritive substance of plants, formed from the reserve ma- 
terials, is transported from cell to cell.” This important 
discovery remained uimoticed for some years on account 
of the peculiar nomenclature employed by Hartig and his 
rather confused ideas on possible chemical interrelation- 
ships. “Gleis,” for instance, in one form, such as aspara- 
gine, was the “sugar of the gluten meal,” but it occurred 
also in many other forms, certain of which stood in close 
physiological relationship to the oil! 

Beyer (13, 14), however, who made the first, but by no 
means satisfactory, analysis of the changes which occur 
during the germination in light of yellow lupins, was 
aware of Hartig ’s work, for he found asparagine, which 
he inferred was “Gleis.” He agreed with the latter’s con- 
tention that it was a suitable substance for the transloca- 
tion of nitrogen, but queried its origin from the protein 
reserves. His own experiment showed very little protein 
breakdown and, since he had found malic acid in the 
seeds, he suggested that the asparagine might have arisen 
by condensation of this acid with ammonia. This idea was, 
in its turn, lost sight of, for the great botanist Pfeffer, 
who made extensive use of Beyer’s analytical data in his 
investigations published in 1872 (208), was convinced 
that the asparagine came from protein and ignored the 
other alternative. 

2. Pfeffer’s Views on the Role of Asparagine in Protein 
Metabolism. 

Pfeffer’s monumental researches were concerned with 
the development of protein in the ripening grain and its 
metabolism during germination. He used the older, micro- 
chemical, technique throughout, but modified the proce- 
dure slightly in that the sections of tissue were treated 
with alcohol to facilitate the crystallisation in their char- 
acteristic forms of products such as asparagine dissolved 
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in the saps. He dealt chiefly with members of the Papilio- 
naceae, especially the yellow lupin, and disagreed with 
much of the earlier work of Hartig on the mode of occur- 
rence and distribution of proteins in seeds; in addition 
he was very caustic about the wide distribution of 
“Gleis,” which he showed must have been in some eases 
asparagine and in very many others nothing more than 
potassium nitrate or salts of organic acids such as potas- 
sium oxalate. It is not these minor criticisms of Hartig, 
however, which make Pfeifer’s work so valuable hut his 
fuU and carefully reasoned statement of the position, as 
he saw it, of asparagine in the protein metabolism of the 
plant. 

Pfeffer considered that the researches of earlier work- 
ers had definitely shown that plants cannot assimilate at- 
mospheric nitrogen (Mayer, 165) and that the absolute 
nitrogen content of the seed does not change during ger- 
mination unless easily assimilable nitrogen is applied ex- 
ternally (Boussingault, 22). In addition, his own work 
with many different seeds of the Papilionaceae, sup- 
ported by the quantitative analysis of that of the yellow 
lupin by Beyer (14), had shown that practically the whole 
of the nitrogen in the seed was present in the form of 
protein. 

TABLE 3. 

(From Beyer, 14.) 

Per 1000 ungerminated seeds 
without testas 




Seedlings 

Seedlings 

Lupinus luteus germinated 


1-1% inches 

^3 inches 

in light 

Seeds 

long 

long 




9- 

Total dry weight 

. . 82,1 

79.7 

77.6 

Protein 

. , 49.1 

46.3 

43.1 

Asparagine 

0.0 

0.75 

2.6 

Glucose and alkaloids 

Gum 

.. 8.451 

.. 5.54 V 

17.09 

15.70 

Cellulose, starch, pectin 

. . 8.67 

7.71 

9.25 

Ash 

. . 3.38 

3.50 

3.63 
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Since, therefore, the small residual non-protein nitrogen 
was due in large part to alkaloids, and simple forms such 
as ammonium salts or nitrates had never been detected, it 
was, in his opinion, quite clear that in this family the as- 
paragine which appears on germination, being richer in 
nitrogen itself than protein (21.2 per cent as against 
15.6-18.2 per cent) could only have been formed at the ex- 
pense of the reserve proteins of the seed. 

Although he did not profess to understand the chemical 
changes involved, he was emphatic that the asparagine 
was to be regarded as a direct primary product of the 
protein decomposition, and quoted in support of this view 
Eitthausen’s recent finding that, on acid hydrolysis, the 
lupin protein conglutin gave, among other products, as- 
partic acid, which was the same acid as that obtained 
from asparagine (247, 249). 

To show that such a transformation could be of use to 
the plant he instanced the conversion of legumin to as- 
paragine without loss of nitrogen. 

125.5 parts of 100 parts of as- 

legTimin contain* paragine contain Difference 


C 64.9 36.4 -28.5 

H 8.8 6.1 - 2.7 

N 21.2 21.2 0 

0 30.6 36.4 4- 6.8 


This was clearly an oxidation, and the carbon and 
hydrogen set free could either be used for the synthesis 
of new nitrogen-free plant material such as carbohydrate, 
or be burnt to carbon dioxide and water. He deduced from 
Beyer’s analyses of lupin seeds and seedlings that during 
germination the latter alternative was quite possible, but 
stated that, in his opinion, respiration might not be quite 
such a simple matter as this. 

The asparagine thus formed in the cotyledons diffused 
out into the axial organs where, if carbon and hydrogen 
could be made available from some nitrogen-free source 

• Prom Eitthansen’s analysis (246). 
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sueli as carboliydrate, or even some nitrogen-poor source, 
it would. be regenerated to protein. This new product, how- 
ever, would be albumin, which Pfeffer had found widely 
distributed in the growing parts of plants, and not legu- 
min, which occurs only in seeds. He stressed the impor- 
tance of carbohydrate in protein regeneration and pointed 
out that light per se could play no such fundamental role 
as Boussingault had suggested, but merely acted as a pro- 
moter of photosynthesis, since plants grown in the light, 
but in the complete absence of carbon dioxide, remained 
loaded with asparagine until death (209). In the absence 
of available carbon and hydrogen, asparagine must accu- 
mulate, and this fact, according to Pfeffer, explained the 
slight divergence in the findings of earlier workers; 
Piria’s experiments with vetch seedlings, for instance, 
gave as much asparagine in seedlings grown in light as in 
those grown in the dark because the former had not de- 
veloped sufficient foliage to provide the necessary sup- 
plies of carbohydrate for protein regeneration; Pasteur’s 
flowering plants had already converted all their seedling 
asparagine to protein, while the asparagine disappear- 
ance noted by Sullivan was due to rapid elaboration 
of carbohydrate through photosynthesis. He disagreed 
strongly with Boussingault ’s an^ogy between urea and 
asparagine, which he thought misleading because the lat- 
ter was never excreted and when conditions warranted 
was always utilised again by the plant, as Boussingault 
himself and many others had already shown. 

Pfeffer considered that this intimate connection be- 
tween protein, asparagine and carbohydrate held only for 
seedlings of the Papilionaceae. In other families, aspara- 
gine seemed to be of less importance; Dessaignes and 
Chautard, for instance, could find none in seedlings of 
buckwheat and oats, yet Boussingault had found it in 
maize and Lermer in barley malt, both of which plants, 
as does the oat, belong to the Gramineae. He himself 
could find none in seedlings of pumpkin, castor oil, Specu- 
laria speculum and rape, and only for a very short period 
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in those of nasturtium, Silybum Mariamm and sui^o^er, 
which produced the same amount whether grown m light 
or in tL dark. He concluded therefore that as^ra^ne 
was not of such widespread occurrence as Hartig had 
maintained, and suggested that in some plants Plaee 
might be taken by a derivative of aspara^ne, or a totally 
different type of substance such as solamne, which Hous- 
singault had thought might replace asparagine in the po- 
tato. It is interesting to note that b, few years late 
Schulze found the postulated asparagine denvative o 
rather homologue (glutamine) in all the seedlings men- 

tioned above. *11x1 *7* 

To revert to Pfeiffer’s own work with the Papiko- 
naceae; he had found very little asparagine in the coty e- 
dons unless these became green, i.e. were epigeal as m the 
lupin, but an abundance in the parenchyma of the cortex 
and pith,* from which he deduced that the breakdown of 
protein to asparagine took place in the cotyledons, whence 
the asparagine was transported in the parenchyma 01 
cortex and pith to the axial organs, and there combined 
with carbohydrate and other nitrogen-poor rnatenai to 
form protein, or was stored as potential material for this 
purpose. Strongly influenced as he was in those days by 
the contemporary work of Thomas Graham, it was pci*' 
haps only natural that he should have regarded aspara- 
gine, a substance which could diffuse so readily through 
the cell wall, and which his own observations had con- 
vinced him was very mobile, as the ideal medium wherebv 
protein material could be translocated from one part ot 
the plant to another, especially in the Papilionaceae, and 
that he should have assigned to it a role in protein me- 
tabolism comparable with that of glucose in carbohydrate 
metabolism. 

The only other simple nitrogenous substances known in 
1872 as widespread plant constituents were ammonia and 

• Pfeffer appears to have been puzzled that such large amounts of 
asparagine should remain dissolved in the sap, for he never found crys- 
tals in the untreated plant tissue. Schulze and TJmlauft discussed this 
question in 1876 (299). See p. 17. 
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nitric acid, and lie discussed the possibility that these 
might function in the above-mentioned manner instead of, 
or together with, asparagine. He admitted that such a 
role for ammonia was not to be regarded as impossible, 
since Hosaeus (112) claimed that small amounts were 
formed from protein during germination, but expressed 
the opinion that neither ammonia nor nitric acid could 
replace asparagine since no one had found either sub- 
stance in seeds, and therefore it was unlikely that they 
would be formed during the breakdown of the seed pro- 
teins. Eetuming to the subject four years later, in 1876, 
Pfeffer (210) noted von Gorup-Besanez ’s work of 1874 
(91) showing that protein decomposition in vetch seed- 
lings gave leucine and suggested that this substance, with 
perhaps other decomposition products not yet identified, 
might replace asparagine, especially in families other 
than the Papilionaceae in which this particular substance 
appeared to be of less importance. Bearing all these facts 
in mind, I do not think it can be maintained that Pfeifer 
was so biased in favour of asparagine as an intermedi- 
ary in plant protein metabolism as certain later critics 
have suggested. 

That proteins themselves might migrate in the plant 
through the thin-walled elongated cells of the vascular 
bimdles, as Sachs (258) had originally suggested, was a 
possibility that Pfeffer also envisaged; he held in fact 
that this would probably be necessary in those plants 
which apparently could not make use of asparagine, and 
might even take place also in others alongside the translo- 
cation of asparagine in the parenchyma of the cortex and 
pith. Such transport, however, would necessarily be slow, 
but he thought that diffusion alone might be adequate 
if the proteins were present as potassium or potassium 
phosphate salts, since Hoppe-Seyler (111) had shown 
that potassium albuminate could pass through mem- 
branes more readily than albumin itself. In 1876, he am- 
plified this and suggested that the protein might diffuse 
much more readily as peptone, the enzymes required to 
produce this having been recently discovered in vetch 
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seeds (von Gorup-Besanez, 93). Finally, he stated that, in 
his opinion, the question of translocation of protein ma- 
terial in the plant was of importance only in the early 
stages— the vegetating plant probably supplying its needs 
from the products of assimilation and salts of ammonia 
or nitric acid drawn from the soil. 

Pfeffer’s views received immediate recognition and in- 
spired many investigations planned during the succeed- 
ing 20 years. Paradoxically he had, without performing a 
single quantitative analysis himself, placed the w^hole re- 
lationship between asparagine and protein on a semi- 
quantitative basis, and the rather unsatisfactory position 
thus revealed attracted the attention of a young chemist, 
Ernst Schulze, who had that year (1872) been transferred 
to Zurich as professor of agricultural chemistry. 

To appreciate the reason why Schulze found himself 
forced almost at once to challenge some of PfefPer’s ideas, 
it is necessary to realise that, during the period 1870- 
1875, the importance of amino acids in protein structure 
was for the first time appreciated, and the revolution in 
thought thus initiated, which culminated about 30 years 
later in the peptide hypothesis of Hofmeister and Fischer, 
was one that affected Schulze strongly and immediately, 
but which came too late to influence the ideas Pfeffer 
formulated between 1870 and 1872. 

3. Developments in the Theory of Protein Constitution 
between 1870 md 1875. 

As I mentioned earlier, Eitthausen began the first seri- 
ous study of the vegetable proteins in 1860. At that time 
only four amino acids were recognized as hydrolysis 
products of proteins: glycine had been prepared from 
gelatine, serine from silk, and both leucine and tyrosine 
from many different sources. Of these, only the last two 
were regarded as important. In 1866 (244), he hydrolysed 
the protein we now Imow as wheat gliadin and found glu- 
tamic acid j two years later (245), on hydrolysis of oon- 
glutin, the chief reserve protein of lupin seeds, he ob- 
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tained, besides leucine, tyrosine and glutamic acid, a new 
acid (aspartic) wMcb in 1869 he recognised (247) to be 
the same as that given by the hydrolysis of asparagine. 
These were important discoveries, but at the time very 
few investigators had appreciated the significance of 
amino acids as integral parts of the protein molecule, and 
it is probable that Eitthausen alone considered the deter- 
mination of amino acids to be a significant means of char- 
acterising proteins. Intelligible hypotheses of protein 
structure were, of course, not advanced until the end of 
the century. It was against such a vague background that 
Pfeffer, between 1870 and 1872, had to formulate his 
views on the transformation of protein to asparagine 
and, as I stated before, in justice to him the point needs 
emphasis, for his paper displays a truly remarkable ap- 
preciation of the importance of chemistry in the elucida- 
tion of plant physiological problems; indeed I regard it 
as one of the great pioneering works of plant biochem- 
istry. 

Unfortunately perhaps for him, the year 1872 was also 
a landmark in protein history as it witnessed the publica- 
tion of Eitthausen ’s famous book. Die EiweissMrper 
(248), the source from which Schulze undoubtedly drew 
his early ideas on protein constitution. Here Eitthausen 
reviewed inter alia the results of his previous 12 years’ 
work, and, when discussing the isolation of aspartic and 
glutamic acids after hydrolysis, which he admitted could 
not be quantitative, put forward for the first time the sug- 
gestion that the amount isolated was probably character- 
istic of the protein concerned. He quoted the following 
figures from his own and Kreusler’s work. 


Protein 

Glatamic acid 
% 

Aspartic acid 
% 

Mucedin (modern wheat gliadin) , , . . , 

25 

not determined 

Maisfibrin (modern maize glutelin) . * . 

... 10 

1.4 

G^luten-casein (modern wheat glutelin) 

. . . 5.3 

0.33 

Conglutin 

... 3.5 

2.00 

Legumin 

... 1.5 

3.50 
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He also called attention to the fact that the aspartic acid 
thus isolated was optically active, as also was that de- 
rived from asparagine, whereas the substance made by 
heating the ammonium salts of malic, fumaric and maleic 
acids (Pasteur, 203) was inactive; it appeared therefore 
that the protein molecule must contain either asparagine 
itself or groups closely related to it. Eitthausen was voic- 
ing here for the first time tw^o very important postulates : 
(1) that the amino acids produced on hydrolysis were 
derived from structures already formed in the protein 
molecule, a question which was to be hotly disputed by 
chemists during the ensuing 20 years, and (2) that as- 
paragine was probably present in the protein molecule. 

Indirect support for the latter view was furnished the 
same year by Nasse (182, 183, 184), who worked out an 
exact method for estimating the ammonia given on hy- 
drolysis of proteins. The amount formed during alkaline 
hydrolysis invariably exceeded that resulting from acid 
hydrolysis, but the rate at which it was given off was 
rapid at first and then slow; he inferred therefore that the 
protein molecule contained two ammonia-yielding groups, 
one of which, containing “firmly bound” ammonia was 
decomposed only by hot alkali, and then at a slow rate, 
while the other was decomposed by hot acids and at a 
rapid rate by hot alkali. He thought that this “loosely 
bound” ammonia might, among other possibilities, be 
present in the protein molecule in the form of acid amide 
groups, and instanced the like behaviour of asparagine. 

This suggestion was further developed in 1873 by 
Hlasiwetz and Habermann (110), who, deducing from 
their experiments that casein on acid hydrolysis yielded 
exclusively leucine, tyrosine, aspartic acid, glutamic acid 
and ammonia, suggested that, in the intact protein mole- 
cule, the latter was combined partly with the aspartic 
acid as asparagine and partly with the glutamic acid as 
the analogous, but then unknown, amide which they re- 
ferred to as glutamine.* 

• G-lutamine was discovered in the juice of beetroot bj Schulze and 
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These conclusions of Bitthausen and of Hlasiwetz and 
Habermann gave chemists for the first time reasonable 
grounds for believing that amino acids, with their essen- 
tial structure unchanged, entered largely into the compo- 
sition of the protein molecule, and, since glycine and ser- 
ine were not discovered among the hydrolysis products of 
vegetable proteins until after the development of Fisch- 
er’s ester method of analysis in 1901, their composition 
was considered to be qualitatively similar to that postu- 
lated for casein. Schulze certainly accepted this view, and 
was thereby eventually forced into open conflict with 
Pfeffer, but he realised, perhaps more clearly than some 
of his early contemporaries, that leucine, tyrosine, as- 
paragine and glutamine must represent at the most only 
a part of the intact protein molecule and, in the absence 
of what he regarded as definite experimental evidence, he 
was always very cautious when he discussed the possible 
composition of the remainder. There was, at the time, no 
suggestion that proteins might be composed exclusively 
of other (unknown) amino acids; in fact nitrogenous 
bases such as xanthine and hypoxanthine were regarded 
as possible constituents from the work of Salomon (264), 
who isolated them from lupin seedlings. Schulze, when 
discussing Pfeffer’s views at this period, never denied 
that sugar, perhaps in altered form, might somehow be 
incorporated in the protein molecule. 


4 . Schulze’s Fundamental Chemical Analysis of Yellow Lupin 
Seeds and Seedlings. 

Pf offer’s theory of protein metabolism in the plant (as 
his contemporaries referred to it) did not meet with the 
unqualified approval of Schulze in 1872 as it was based in 


Bosshard in 1883 (292) and much indirect evidence accumulated later 
(ef. Osborne, 189) in support of Ritthausen’s and of Hlasiwetz and 
Habermann^s suggestions, but they were not experimentally confirmed 
until quite recent years by the isolation of asparagine from an enzymic 
digest of edestin (59) and of glutamine from an enzymic digest of 


gliadin (60). 
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SdSSfwSe taS LtLes qite nnreliable The seeds 
siderea wexe ui _ second 

steffeTs-S^SiSTlong), tlie cotyledons were still enclosed 
£ the seed coat and had thus not yet emerged above 
eround. The amount of protein breakdo-sm and of 
line formed was accordingly fairly ® ’ 

tor was estimated by crystallisation, the yield, in the pres- 
eL of so m”* rthL soVle material, must haoe been, so 
Schulze considered from his own experience, very Ion. 
Sso Eitthansen had shorn (248) that the lupin protem 
oonglntin contained 18.4 per cent of 
■Reiver’s factor for determming total protein (b* X b-z-o) 
^rmuertoo Sgh; moreover his fraction^ “glucose 
and alkaloids” was particularly 

could have contained only O.b per cent of alkaloid ( bit- 
' ?e£toff” of Siewert [309]) and, being nothing more than 
an alcohol extract of the seed or seedling, h^^ ® 
tained, among other products, citric acid (Eiehhom, 74), 
while his “gum” was merely undetermined water-soluble 
material. Schulze, who was an extraordinarily skilled and 
shrewd analyst, felt that Pfeffer’s conclusions were of 
such far-reaching importance that they should lest on 
firmer chemical evidence, and the first task that he set 
himself at Zurich was to repeat Beyer’s work under more 
stringent conditions. 

TTia results were published in collaboration with Um- 
lauft (299) in 1876. This paper was the first of a long 
series which appeared during the next 35 years in which 
he described his researches on many aspects of protein 
metabolism in the plant, all of which were alike remark- 
able for the fine technical skill displayed and the close 
reasoning with which the results were discussed. Manj of 
them were outstanding contributions to protein chemistry, 
and obtained immediate recognition from those interested, 
while others, particularly on plant metabolism, appear to 
have been less widely appreciated, possibly because he 
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was so meticulous in discussing any new suggestion from 
every angle that there was, from the reader’s point of 
view, a wearisome amount of repetition. A perusal, how- 
ever, of his papers shows that his caution, nay his timid- 
ity, in advancing new views on metabolism was in keep- 
ing with his whole attitude towards his own and other 
peoples’ researches, which was that of a chemist who 
wholly mistrusted speculation that was not based on ad 
hoc chemical evidence, and yet who realised, from his 
wide experience, how difficult such evidence often was to 
obtain. For this reason I think the advances he made 
were, at the time, reflected more in the progress of protein 
chemistry than of plant physiology, but, by the end of his 
life, he had brought his labours in the latter field to 
fruition and had placed the subject of plant protein me- 
tabolism (among others) on such a firm chemical basis 
that his main conclusions are never likely to be disputed. 

Schulze and Umlauft (299) germinated yellow lupins in 
the’ dark on wire gauze placed above distilled water so 
that the rootlets were immersed. Samples of the seedlings 
were collected for analysis after 7 and 14 days, when the 
hypocotyls were 2.0-2.5 cm, and 7-9 cm. long, and the 
rootlets were 4-5 cm. and 6-8 cm. long, respectively. 
Tabulated results in terms of 100 g. of ungerminated 
seeds without testas are given in table 4. It will be ob- 
served that at each stage a considerable loss of total dry 
weight is recorded, showing that respiration had been 
very active (no material was lost to the water) and that 
protein decomposition had been rapid and extensive. This 
is reflected in an enormous accumulation of asparagine, 
far greater than the results of previous workers had indi- 
cated, and at the second stage it amounted to 22.3 per 
cent* of the total dry weight of the seedling I As will be 

* Schulze and Umlauft record that, in 15-day-old etiolated seedlings 
(the limit of time before death ensued), one quarter of the dry weight 
of the seedling was present as asparagine. All their asparagine values 
were obtained indirectly by Saehsse’s method (260), but the amount 
obtained by direct crystallisation was only about 10 per cent less. The 
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TABLE 4. 

(Compiled from Schulze and Umlauft, 299, and Schulze, 268.) 

iMpiwMs germinated Per 100 g. of ungerminated 

in the dark/' ■ seeds withoBt testas 


Ungemii- 7-day~ 12~day- ' Differ- 
nated old' old enO'e 
seeds seedlings seedlings 3 — 1 


Protein .......... 

Asparagine 

Amino acids (^‘amido-N”)* . . . 
Other soluble nitrogenous prod- 
ucts* ... .... ...... 

Fat 

Dextrinous material .... 

Glucose .... 

Citric and malic acids 

Other soluble FT-free material . . 

Crude fibre ... 

Other insoluble N-free material 
Ash 


seen from table 4, 33.41 g. of protein had disappeared, to 
be replaced (in part) by 18.22 g. of asparagine. 

If the observed changes are interpreted in terms of 
nitrogen instead of weights it will be found that only 63.5 
per cent of the lost protein nitrogen has reappeared as 
asparagine nitrogen. Schulze and Umlauft therefore real- 

concentration of asparagine in the 12-day-old seedling sap was only 
1.5 per cent and they call attention to the fact (cf. Ffeffer. p. 10) that 
the value is below that which Plisson (219) found for the limiting solu- 
bility of this substance in cold water. In 1880^ however, Schulze (270) 
found 2 per cent! (Cf. table 14, p. 40.) We know now, of course, that 
the solubility of amino acids is a function of the dielectric constant of 
the solvent, which is 80 for water, but much higher when amino acids 
are dissolved in it (Cohn, 55). 

*In calculating the weights of these respective fractions I have 

adopted the factor N X fi* 
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ised that the remaining 36.5 per cent must have been 
transformed into other water-soluble products and, since 
von Gorup-Besanez (91) had, two years previously, found 
leucine in vetch seedlings, they suspected the presence of 
“amides.”* They accordingly determined “amido-N” by 
the method of Sachsse-Kormannf (262). Their results are 
given in tables 5 and 6, and it will be seen that about one- 
fifth of the lost protein nitrogen is present in this form. 
Again following von Gorup-Besanez (93), they searched 
for peptones by dialysis, and fotmd evidence for the pres- 
ence of reasonable amounts at stage 2, but less at stage 3 
(table 4). They also found small amounts of free ammonia 
(about 0.25 units in terms of nitrogen), but were uncer- 
tain whether to regard this as being a decomposition 
product of protein or an artifact due to the breakdown of 
asparagine during the operations incidental to analysis. 

Besides these changes in the nitrogenous constituents 

* In those days no clear distinction was made between amino acids 
and amino acid-amides j both were referred to indiscriminately as 
^^amides” and their nitrogen as “amido-!N’.” In Schulze^s earlier papers, 
however, ^^amido-hT” was used in the same sense as the modem 
“amino-N,” although he used the teim ^‘amides” for amino acids. Other 
workers sometimes referred to non-protein nitrogenous products in a 
loose way as ^^amides,^’ so that care is necessary in interpreting the re- 
sults of early papers. I think I am right in stating that the modem 
term ^‘amino-N,” with its present-day significance, did not come into 
general use until Van Slyke had published his well-known method of 
estimation. 

t Based on the interaction between amino groups and nitrous acid 
(KNOg + HCl) to give gaseous nitrogen. The apparatus used was very 
cumbersome, and the full significance of the results obtained with plant 
extracts was not realised at the time. The method is, of course, the fore- 
runner of that of Yan Slyke. Schulze in 1877 (267) pointed out that 
unreliable values were obtained with amides unless these were first of 
all hydrolysed with hydrochloric acid. The abnoimalities he observed 
were explained later, in 1883 (292), when he and Bosshard isolated glu- 
tamine and found that it gave nearly double the theoretical value for 
^^amido-N.” In skilled hands such as his, the method was undoubtedly 
capable of giving good results, although the non-removal of ammonia 
from the plant extract and the use of hydrochloric instead of acetic acid 
would make the determined values a little too high. 
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TABLE 5. 

(From Schulze, 268.) 

100 Q of ungerminated seeds {without testas) gave after 12 days’ 
100 g. or 81.7 g. of seedhngs. 

Lupinus lutBUS 

81.7 g. of 12 -day-oia 

seedlings 

100 g. of ungerminated 
seeds 

Difference —6.08 


Pro- 

tein-N 

Aspara- 

gine-N 

9’ 

“Amido-N” 

<7* 

Am- 

monia-N 

9^ 

2.08 

3.86 

1.47 

0.26 

8.16 

0 

0.51 

0 

-6.08 

+3.86 

+0.96 

+0.26 


Lupinus 

luteus 


TABLE 6. 

(From Schulze, 268.) 

Per 100 g. of ungerminated seeds without testas 

Protein decomposed In decomp osition products 


% 




As- 



Unde- 

of total 



para- 

gine- 

N 


Ammo- 

ter- 

N ac- 

Total 

•weight 

Total 

N 

^^Amido- 

Bia- 

N 

mined 

N 

counted 

for 

9 ^ 

9^ 

9- 

9 ’ 

9 - 

9 * 


36.13 

5.78 

3.23 

1.17 

0.32 

1.06 

81.7 

38.0 

6,08 

3.86 

0.96 

0.26 

IJO 

83.7 


10-day-old 
seedlings 
12-day-old 
seedlings 

there was, during germination, _a rapid utilisation of the 
nitrogen-free reserves present in the seed. Both fat and 
orgamc acids showed a steady decrease, while the des- 
trmous material had disappeared completely in under t 
days. Glucose, absent from the seed, was present m the 
hypoootyls at stage 2, but had partially been used up 
again at stage 3, due possibly, they thought, to cellulose 
formation. By comparison with the behaviour of other 
plants, Schulze and Umlauft concluded that, in lupin 
seedlings, there was a rapid breakdown of protein in the 
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dark because the seed reserves were poor in fats and 
available carbohydrates, and, in agreement with Pf offer’s 
theory, it could be held that the large accumulation of as- 
paragine was due to the absence of sufficient nitrogen-free 
material to regenerate it to protein. Whether carbohy- 
drate or other nitrogen-free material had actually been 
produced during the protein decomposition — as the the- 
ory demanded — and had later been used up in respiration 
or in the synthesis of products such as cellulose, they 
could not say. Their experimental findings showed clearly 
that the lost protein had been transformed partly into 
asparagine and partly into other products, including 
“amides” (amino acids). Might not these “amides” con- 
tain much more carbon and hydrogen than asparagine? 

5. Schulze’s Objections to Pfeffer’s Theory of Protein 
Regeneration. 

Schulze was voicing here for the first time what he was 
beginning to feel was the underlying weakness of Pfef- 
fer’s theory, namely, his tacit assumption that, in seed- 
lings of the Papilionaceae, protein breakdown gave rise 
directly to sugar and large amounts of asparagine, and 
that protein regeneration was concerned solely with the 
recombination of these two substances. Two years later 
(268), he was in a position to formulate his objections in 
greater detail and to put forward alternative suggestions 
of his own. Those on the chemistry of protein breakdown 
— ^based on the fundamental work of von Gorup-Besanez 
— were not at first very satisfactory, and the question was 
to receive his close attention for the ensuing 20 years ; it 
will be convenient therefore if we discuss first of all his 
objections to Pfeffer’s views on protein regeneration. 

If, Schulze argued, asparagine accumulates in seed- 
lings because sugar or other nitrogen-free or nitrogen- 
poor material is not available for protein regeneration, 
how can one explain its presence in Beyer’s seedlings 
(table 3) ? These were germinated in light and the total 
material lost through respirajiQSu~5SEa§,^ small. Ignoring 
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tierefore Beyer’s analyses 3 * 

sLI^s o^d notj 


paragme 
%ot 
totk dry 


paragme 
%ot 
total dry 
weight 


70 

of fresh 
weight 


of fresh 
weight 


Grown 5 days in dark, toUowea ^ ^^ 22 

by 7 days m the light ....•• 13-26 ■ ^ 

Grown 12 days m the dark . . . 11.94 

tained nearly twice the total solids (evidence of active 
photosynthesis) and twice the amount of asparagine ot 
those grown continuously in the dark . 

Even more striking were the results obtained with lu- 
pins grown in washed sand, at first for 10 days m the 
dark so that the seedlings became loaded 
(stage 1), and then for 3 weeks (stage 2), and 6 weeks 
(stage 3), respectively, in the light. Exposure to 
brought about rapid photosynthesis, which is reflected in 
an increase in total dry weight (per 100 
lings at stage 1) of 65.5 g. at stage 2 and 
staee 3. At stage 2, there was also an increase of 5.4 g. in 
protein, yet, in spite of this, there was actually an m- 
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crease in asparagine of 3.99 g. ! After another 3 weeks, the 
asparagine content had fallen somewhat, bnt even so the 
absolute amount present remained relatively very high. 

TABLE 8. 

(Prom Schulze, 268.) 

Seedlings of Lupinm hitem Per 100 g. of dry seedlings at stage 1 

Differ- Differ- 

Stage Stage ence Stage enee 
1 2 2—13 3-2 


g- g- g. g. g. 

Total dry weight 100 165.6 -f-66.5 261.8 -|-96.3 

Protein 16.94 22.34 -{-5.40 

Asparagine 17.34 21.33 -j- 3.99 12.59 — 8.74 

Total N 10.76 10.76 10.76 


Schulze concluded from these observations that, in both 
the early and late phases of lupin-seedling metabolism, 
the presence of much available carbohydrate did not 
cause the regeneration of protein from asparagine. The 
increase of protein shown at stage 2 had not taken place 
at the expense of asparagine at all — on the contrary, as 
the data in table 9 show, both the protein and the aspara- 
gine itself haA been synthesised from the other soluble 
nitrogenous products present and these were known to 
contain amino acids (“amides”) (cf. tables 5, 6). He and 
ITmlauft (299) had already suggested that breakdown of 
the reserve protein in lupin seeds on germination gave, 
besides asparagine, amino acids rich in carbon instead of 
» the sugar that Pfeffer’s theory postulated; it now ap- 
peared probable that these amino acids might be prefer- 
entially utilised in the regeneration of protein in the axial 
organs. 

Such a hypothesis was, after all, more in keeping with 
the complex structure of the protein molecule than that of 
Pfeffer, for proteins were Iteown to contain a series of 
nitrogen-containing groups as well as sulphur, and it was 
difiScult to imagine how they could be built up from sugar 
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TABLE 9. 

(From Schulze, 268.) 


In percentages of total N 
Stage 1 Stage 2 Difference 

25.2 33.2 8.0 

34.2 42.0 + 7.8 

40.6 24.8 - 15.8 


Seedlings of Lupinus luteus 


Protein-N .... 
Asparagine-N 
Other soluble-K 


and one single nitrogenous substance sucli as asparagine. 
If asparagine was indeed utilised for this purposoj then it 
was far more probable, as Mercadante'^ (163) and follow- 

* The object of Mereadante^s research was to disprove the suggestion 
that asparagine formed during the early stages of leguminous seed ger- 
mination was later transformed, if the 3 ’^oung plants were exposed to 
light, into albumin. He worked with the yellow lupin and the kidney 
bean and claimed to have shown in each case that, as the asparagine dis- 
appeared, no albumin was formed at all but only aspartic acid, succinic 
acid and ammonia. He considered that these were used with the plastic 
substances (PfeffeFs term for labile metabolic products) of the proto- 
plasm to nourish the plant. He gave a short account of his methods of 
isolation but no analyses of Ms products, and his results were too in- 
complete to warrant serious discussion, especially as he provided no 
evidence that the small amount of succinic acid found had actually been 
formed from the asparagine. Further, as Schulze remarked, his aspartic 
acid was undoubtedly a decomposition product of asparagine formed 
through mishandling the plant material during the course of analysis. 
In tabulated form his results with yellow lupins were as follows : 

In percentages of total dry weight 
Seedlings of Lupinus Length of Aspartic Succinic 

luteus seedling Asparagine acid acid 


Grown in dark 


trace 

1.34 

trace 

214 


The results with kidney beans were similar. In view of subsequent devel- 
opments in asparagine metabolism, one must give Mercadante credit for 
a pioneer suggestion, which Ms results superficiaSy ccmfimed. Gossans 
paper was very brief and was meant to confirm Mercadante%; it con- 
tained very little beyond the statement that vctch« one metre high no 


SEEDLINGS 


25 


ing Mm Cossa (57) had already suggested, that it was 
first broken down to malic or succinic acid and ammonia, 
and that the latter was used subsequently for protein 
synthesis. 

longer contained asparagine, whicii had been transformed to calcium 
succinate and maiate. 



CHAPTER II 


PROTEIN METABOLISM IN SEEDLINGS 
HISTORICAL REVIEW {Continued) 

1. Borodin’s Qualified Support for Pf offer’s Theory. 

J IROM the account given in the previous chapter it 
would appear that, in 1878, Schulze was of the 
opinion that protein regeneration in lupin seed- 
lings took place in the first instance from amino acids, but 
that, at a later stage, and probably more slowly, this 
could be brought about, in an indirect way, by condensa- 
tion of asparagine and carbohydrate or other nitrogen- 
poor material. Furthermore, the accumulation of aspara- 
gine was not conditioned by the amount of carbohydrate 
available. Schulze’s deductions were undoubtedly based 
on good chemical grounds, but from a physiological point 
of view they were unsatisfactory in that they were re- 
stricted to one particular plant — ^the lupin — and to one 
period only of its growth — germination. Pfeifer’s theory 
had been deduced from experiments covering a wider 
field, but this also had been deliberately limited by him to 
those seedlings in which he could find much asparagine. 
The time was therefore clearly propitious for an exten- 
sion or modification of these views, to embrace, if pos- 
sible, the whole plant kingdom, and the position was for- 
tunately clarified later in the same year by the publi- 
cation of a eommendably brief and brilliant, though in 
parts highly speculative, paper by Ivan Borodin (21), 
who was later appointed professor of botany at the Agri- 
cultural Institute in St. Petersburg (Leningrad), and who 
had for some years been interested in the chemical mecha- 
nisms connected with respiration. 

Borodin pointed out first of all that, although proteins 
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were generally regarded as the most important com- 
pounds of protoplasm, their chemical activities were not 
yet known. Was it likely, he asked, that they were entirely 
passive amid the active changes taking place therein? He 
felt that this could not be true and had, in fact, already 
suggested (20) that they were the direct agents in res- 
piration. Eespiration was, as he had shown, a function of 
the amount of carbohydrates present, but these sub- 
stances could play only an indirect role in the regenera- 
tion of material required for protoplasm, otherwise it 
would be impossible to explain G-arreau’s observation 
(86) that the young parts of plants, which are richest in 
protein, have the most intensive respiration, and not 
those parts richest in non-nitrogenous substances. In ani- 
mals, the proteins were considered to be the substrates of 
respiration and he held that the same was true in plants. 
(This view had, of course, been propounded many years 
previously by Boussingault, of whose work Borodin 
seems to have been unaware.) The question therefore 
arises, what are the decomposition products of protein 
which, with the carbohydrates, are used again for protein 
regeneration? 

Pfeffer had considered that asparagine was used for 
this purpose, but only in certain plants, particularly the 
Papilionaceae in which he could find it, and then only dur- 
ing the germination period. Borodin agreed with the 
postulate but doubted the limitation, for he was convinced 
that asparagine must be generally present in all plants 
and that the decisive part it played in proteia regenera- 
tion was universal. Such was the original view of Hartig 
(108), to which Pfeffer had objected because he could find 
no asparagine in the buds of certain plants. 

To clear up the controversy, Borodin investigated the 
development of buds in certain woody plants, which proc- 
ess he regarded as physiologically analogous to the ger- 
mination of a seed. The first experiments were made on 
branches cut in winter and kept indoors with the cut end 



28 PROTEIN METABOLISM IN THE PLANT 

in water. Contrary to Pfeffer’s experience, _ aspara^ne* 
was fonnd in all parts of the shoots of Tilia parvifolia, 
whether the buds had developed in the light or in the 
dark. The same was found to be true of shoots from many 
other plants, in agreement with Hartig. 

Pfeifer’s negative results therefore required explana- 
tion, and the key was found in the following experiments. 
Borodin was surprised to find that he could obtain no as- 
paragine at all from large twigs of Lonicera tatarica 
which had been cultivated in the dark for some weeks and 
had produced 5-6 cm. etiolated shoots with flower buds, 
although Sambucus shoots, which were next investigated, 
gave as usual much asparagine. Two weeks later, how- 
ever, the Lonicera flowering shoots had withered and 
dropped off, and the small upper axillary buds had devel- 
oped new etiolated, but purely vegetative, leafy shoots 
4-5 cm. long, which contained large amounts of aspara- 
gine. He pointed out that these conflicting results could 
not be ascribed to the different morphological nature of 
the material, since both leaf and flower shoots of Springa 
vulgaris yielded asparagine in both cases. 

Borodin argued that if, as Pfeffer assumed, asparagine 
is formed out of protein and can, with carbohydrates, re- 
generate to protein, asparagine will accumulate only 
when the second process is the slower (by lack of carbo- 
hydrate or slower supply). If, therefore, Lonicera has a 
large carbohydrate reserve, rapidly translocated to the 
developing buds, asparagine formed will be immediately 
used up and will not appear until a later stage, when the 

•All his experiments were made by the simple Hartig-Pfeffer 
method of examining sections under the microscope; the sections were 
dabbed witii absolute alcohol and, after two hours, when the alcohol 
had all evaporated, asparagine was indicated by the formation of its 
crystals mther on the section or at the edge of the cover slide, wMeh 
was put on after the first moistening (not before, as with Pfeiffer). If 
the asparagine crystals were very miimte and were mixed with mneh 
formgn material, th^ change of appearance at 100° (when th^ lose 
water) and their insolttMKty m a saturated solution of asparagine (at 
the same temperature) were noted. 
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carbohydrates are largely reduced in amount. This expla- 
nation was supported by analogous experiments with 
Populus tremula, which produced a rosette of etiolated 
leaves in the dark ; one of these leaves, picked at once, had 
no asparagine, while another, picked two weeks later, 
contained considerable amounts. Now carbohydrate sup- 
ply in cut twigs is limited, but, in the natural state on the 
tree, carbohydrate will be continually available so that 
asparagine should not appear. Experiments made in the 
spring entirely confirmed this view and thus settled the 
above-mentioned controversy, since Hartig had used cut 
twigs and Pfeffer normal buds. 

Borodin found that normal buds could be divided into 
three groups : (i) those in which no asparagine was pres- 
ent at all, e.g. Alnus glutinosa; (ii) those with a very 
small asparagine content, e.g. Quercus pedunculata and 
(iii) those with considerable amounts, e.g. Spirea sorhi- 
folia; the results varying somewhat from bud to bud even 
of the same plant and at different stages of development. 
In all cases, the undeveloped buds contained no aspara- 
gine and their development is thus analogous to the ger- 
mination of seeds. 

Those buds showing no asparagine (group i) could be 
made to produce it, however, if carbohydrate supply be 
limited, i.e. if the buds were grown on cut branches, or the 
small flower shoots were detached from the branch. Alnus 
was the most difiieult case, and asparagine did not appear 
until the eleventh day. 

The foregoing results showed that, in agreement with 
Hartig and contrary to Pfeffer, asparagine was of wide- 
spread occurrence in developing buds, and, this time in 
agreement with Pfeffer, that asparagine accumulation 
therein depended on carbohydrate supply. Furthermore, 
the asparagine was produced at the place at which protein 
was decomposed, whereas the carbohydrate required for 
protein regeneration must have been obtained from the 
stems. The analogy between the developing bud and the 
germinating seed was thus very close, and in both cases 
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asparagin.6 could be looked upon merely as a transition 
substance between the reserve protein of bud or seed and 
the cells of the meristematic parts. Borodin was certain, 
however, that the role of asparagine was not so restricted 
as this, for he could find it under suitable conditions in 
all parts of the plant at all stages of development. He 
demonstrated this in the following way. Normal living 
plants such as Vicia sepimn seemed to be free from as- 
paragine, for he could detect none in organs such as 
stems, leaves or unripe pods,* but if a young part of the 
plant was detached and kept in a moist, dark room for a 
week, asparagine at once accumulated and tyrosine could 
be detected in stems, leaf stalk and leaves. The same was 
true of detached single leaves and unripe pods. Fourteen 
other plants gave similar results, but a few exceptional 
cases were encountered in which detached shoots gave 
no asparagine at all, e.g. various Cruciferae and Lahia- 
tae. These were considered to be merely extremely refrac- 
tory examples, as the ease with which asparagine ap- 
peared varied from plant to plant. 

He discussed next the origin of the asparagine. Aware 
of von Gorup-Besanez’s results (to be presented in the 
next section), he agreed that protein decomposition in the 
plant gave asparagine, tyrosine (he had repeatedly de- 
tected this) and products which he felt were wort% of 
further investigation ; all were, moreover, in his opinion, 
produced by unknown ferments present and active during 
the whole life of the plant. Two possible theories ac- 
counted for this: (i) the decomposition processes were 
confined solely to non-nitrogenous substances as long as 
these were available, the protein not being affected until 
carbohydrates were lacking and (ii) the protein was al- 
ways being decomposed, yielding asparagine etc., but 
could only be regenerated if sufficient carbohydrates are 
present. The ultimate result would be, of course, the same 

* Quantitative analysis by Schulze and later workers has since shown 
that this is not strictly true. 


SEEDLINGS 


31 


by either hypothesis, and although data were lacking with 
which to make a decision Borodin stated that he pre- 
ferred the second as being simpler and more likely. If it 
appears remarkable, he added, to assume asparagine for- 
mation when none could actually be detected, it may be re- 
membered that it is assumed that respiration continues in 
green organs under the action of light, although no car- 
bon dioxide appears, and that present even disappears. 

Finally, Borodin commented on Schulze’s criticism of 
Pfeifer’s view that acctunulation of asparagine was due 
to lack of carbohydrate, since he (Schulze) had found that 
10-day old etiolated lupins, when brought into the light, 
showed in 5 weeks a small increase in both asparagine 
and protein content concomitant with an increase by 
nearly one-half in total dry weight. It is wrong, he stated, 
to assume that only carbohydrates are required (e.g. po- 
tassium is necessary) for protein formation, or that every 
kind of nitrogen-free substance is available for this pur- 
pose ; starch and fatty oils, for instance, cannot be utilised 
and it is possible that the only useful form is glucose. 
Thus potato tubers contain asparagine because the sugar 
translocated from the leaves is transformed into insoluble 
starch. Germination, however (ef. Schulze’s interpreta- 
tion of Beyer’s results), is primarily a question of the 
conversion of insoluble reserves into soluble useful mate- 
rial, and asparagine will appear as long as decomposition 
is quicker than regeneration. 

Borodin concluded therefore that Pfeffer’s theory could 
be brought into line with his own and Schulze’s findings 
if it were supposed that : — 

(i) Very few of the nitrogen-free substances present in 
plants, perhaps only glucose, can bring about regen- 
eration of protein from asparagine. 

(ii) In certain cases, even glucose may not do this be- 
cause it is required for other purposes, e.g. respira- 
tion, cell growth, etc. 

(iii) Breakdown of protein to give asparagine occurs not 
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only in the cotyledons of legnmes but also in all the 

(iv) In Imn^p^ant organs, it is probable that protopk^^^ 

‘ ’ Sic aetfvLs such ac respiration 

ous breakdown and regeneration of 
protein breakdown gives aspragine and, 

Lnt carbohydrate ™oS- 

paraffine is at once regenerated to protein, it it 

Lking, however, the asparagine accumulates, 
atoit that some cells might decompose 

reffenerate it; Schulze, however, agreed that the> .helped 

to^explain many of his obse^ations ajd, briefly in 18/ 9 
r 2691 and with a wealth of detail m 1880 (270), he pro 
duced much supporting evidence. He pointed out hrst of 

all that on gene?al chemical “ “S 

amide not yet isolated from plants, tat (or whose pres 
Tee thereii he already had much mdirect eyidencj conW 

in questions appertaining to protem <5““P°t'Sodta>3 
warded as equivalent to asparagine, that Borochn s 
failure to find asparagine in e.g. various Gnmferae.Bici- 
rf etc., was probably due to the fact that such plants 
elaborate glutamine instead (he was to prove this vithm 

^ ferSlgreed that Borodin’s second supposition, if 
true!might well explain the behaviour of his upms grown 
at first m the dark and then exposed to the light. In fui- 
ther support, he produced evidence frorn^ experiments 
with 15-day-old etiolated seedlings of lupin, soya bean 
and squash showing that enrichment of amides in young 
plants is, as a rule, the stronger the less nitrogen-free re- 
serve material is present in relation to the quantity of 
protein. This comJs out clearly from the data given m 

tables 10 and 11. , , „+ 

His experiments with potato tubers, however, were at 

first sight not so convincing. As was well known these 
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TABLE 10. 

(From Schulze, 270.) 

Per 100 g. of ungerminated seeds without testas 





Eatio 


Fat 

Dextrinous Protein : 


Protein (ether 

carbo- 

N-free 


(]Sr X ^*25) extract) 

hydrate 

reserves 

Seedlings of 

9- g. 

9- 


Lupin 

. 51.0 7.75 

10.02 

1:0.35 

Soya bean ...... 

. 42.69 17.06 

11.91 

1:0.7 

Squash 

. 34.25 53.6 

— 

1:1.56 


TABLE 11. 




(From Schulze, 270.) 




Per 100 g. of ungermi- 



nated seeds without 

Protein decom- 


testas 


posed in terms 


Asparagine 


of total pro- 


glutamine 

Protein 

tein in unger- 

Seedlings grown in the formed 

decom- 

minated seeds 

dark for 15 days 

(Saehsse) 

posed 

without testas 


9- 

9- 

% 

Lupin, at temperature of 18-20® 19.43 

42.0 

82.4 

Soya bean 

18-20® 9.57 

17.7 

41.4 

Squash 

25-26® 5.78- 

14.8 

43.2 


contain nrncli staroh, whieh is formed from carbohydrate 
(glucose?) translocated from the upper parts of the 
plant. He and Barbieri (289) had found that the tuber 
sap contained much asparagine and ‘ ‘ amido-N ’ ’ ( Sachsse- 
Kormann), and had isolated small amounts of leucine and 
tyrosine. Such a nitrogenous mixture was typical of that 
which he had found in lupin seedlings and he was inclined 
to agree with Borodin that it probably arose from the de- 
composition of protein. One may well ask, then, why the 
glucose Solving in from the upper parts of the plant did 
not react with the asparagine to regenerate protein? 
Borodin had explained this by supposing that the glucose 
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was at once condensed to starch, but Schulze pointed out 
that this esplanation assumes that the glucose concentra- 
tion in the tubers was very low, and he had actually found 
0.64 per cent! In spite of this he felt, nevertheless, that 
Borodin’s explanation was probably the correct one, be- 
cause he could not be certain that his analytical methods 
would definitely distinguish between glucose and other re- 
ducing substances. He was, however, careful to reiterate 
his former view that protein might also be regenerated 
from asparagine and nitrogen-poor material such as tyro- 
sine without the intervention of glucose at all. 

Henceforth he regarded what he called the Pfeffer- 
Borodin hypothesis as a simplified but convenient state- 
ment of protein metabolism in the plant, and much of his 
later work was directed towards an explanation of the 
chemical mechanisms involved, which he foresaw as early 
as 1880 must be far more complex than either Pfeifer or 
Borodin had imagined. 

2. von Gorup-Bescmez’s Postulate concerning the Primary 
Products of Protein Decomposition in Seedlings. 

In his original paper of 1872, Pfeifer (208) stated that 
asparagine was to be regarded as the sole primary nitrog- 
enous decomposition product of the reserve proteins of 
seeds. The first suggestion that this was only partly true 
came from von Gorup-Besanez, whose fundamental postu- 
late — that, on germination, the reserve proteins of the 
seed undergo enzymic digestion with the production, as 
on acid hydrolysis, of several amino acids or acid amides 
— ^has been lost sight of in the extensive developments to 
which it was subjected in later years by Schulze, who, 
however, was always careful to point out von Gorup- 
Besanez’s priority. 

Eugen Freiherr von Gorup-Besanez, professor of chem- 
istry at Erlangen from 1855 until his death in 1878 and a 
famous exponent, in Ms day, of zooehemieal analysis (he 
discovered valine in the aqueous extract of pancreas in 
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1856), devoted the last few years of his life to an exami- 
nation of vetch seeds and seedlings. In 1874 (91), he 
found that the etiolated seedlings, when 2-3 weeks old, 
contained quite reasonably large amounts of leucine* as 
well as much asparagine, and remarked that this fact 
could not fail to be of considerable chemical and physio- 
logical interest. A few months later (92) he followed this 
with the statement that, since he could find no leucine at 
all in the ungerminated seed, its presence in the seedlings 
showed that it must have been formed during the process 
of germination, and that from the seed itself he had ex- 
tracted a ferment which energetically converted albumin 
to peptone (93). Finally, in 1877 (94), he remarked that, 
as he could find asparagine and leucine in the seedlings, 
he considered it reasonable to suspect the presence of glu- 
tamic acid and tyrosine as well. The isolation of glutamic 
acid had long eluded him, but he had now found it by the 
method Schulze and Barbieri (287) had applied a few 
months earlier to extracts from pumpkin seedlings; he 
had also been able to detect tyrosine by the colour reac- 
tion of L. Meyer. Having thus isolated or detected all four 
of Hlasiwetz and Hahermann’s protein amino acids (cf. 
p. 14) he concluded that, during the germination of vetch 
seedlings, the reserve proteins underwent enzymic diges- 
tion to give products which were chemically the same as 
those given by acid or alkaline hydrolysis.! At the time it 
was enunciated this postulate was undoubtedly justified. 

von Grorup-Besanez died the following year, and fur- 
ther development came from Schulze (268), who had at 

• Tte product usually described in those days as leucine crystallised 
in nodules and was shown later to be a mixture of leucine and phenyl- 
alanine. 

t A close translation of his statement reads as follows : “Evidently 
during the germination of the vetch a splitting of the albuminous 
compounds of the seed reserves takes place, chemically coinciding -with 
that which occurs during the metabolism of such substances in the ani- 
mal body and likewise, externally to the living organism, by the action 
of known chemical agents.” 
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once recognised the importance of the new postulate since 
he had already obtained much evidence in support of it. 
He had shown, for instance, that breakdown of protein 
in lupin seedlings gave no inconsiderable amount of 
“amido-N” (cf. table 6), and he had actually isolated 
leucine and tyrosine as well as asparagine; then again, he 
and Barhieri (287) had found, in addition to these three 
substances, glutamine (indirectly as glutamic acid) in 
pumpkin seedlings. But, like von Gorup-Besanez, he could 
find none of them in the respective seeds. 

Furthermore he was, within the next year (1879), to 
discover phenylalanine, which he and Barhieri (288) iso- 
lated, first from lupin seedlings, and then (290) from the 
hydrolysis products of the lupin seed protein conglutin. 
Valine was found in lupin seedlings in 1883 (291) and, in 
the same year, he and Bosshard (292) isolated from 
sugar beets the long sought and eagerly awaited gluta- 
mine. In succeeding years, he was to add most of the 
other protein amino acids to this list, thereby providing 
ample proof for von Gorup-Besanez’s contention. 

With regard to the agents which brought this about, he 
agreed that these were probably the seed ferments, for he 
had himself found evidence for peptone in lupin seed- 
lings. He pointed out, however, that other processes could 
not be excluded, since proteolytic ferments gave peptones 
and not crystalline products,* and there was still uncer- 
tainty as to the real mechanism of asparagine production. 
It was, in fact, the enormous elaboration of this substance 
in etiolated lupin seedlings which made him realise that 
von Gorup-Besanez’s postulate, true though it undoubt- 
edly was in principle, could not, without modification or 
extension, explain all his observations connected with the 
breakdown of the seed reserve proteins during germina- 
tion. 

* He was apparently unaware of, or did not grasp, the full signifi- 
cance of Kiihne’s (128) observation in 1876 that digestion products re- 
sistant to the further action of pepsin were attacked by trypsin with 
the production of tyrosine and “leucine” (leucine -|- phenylalanine). 
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3. Schulze’s Original Views on the Origin of Asparagine 
in Seedlings. 

If, he argued in 1878 (268), the seed reserve proteins on 
germination are decomposed as von Gorup-Besanez sug- 
gests to give amino acids and acid amides, then the rela- 
tive proportions in which these are formed should be the 
same as on acid or alkaline hydrolysis and would be de- 
termined solely by the constitution of the particular pro- 
teins concerned, with the difference that the amides will, 
in the two latter cases, be decomposed to their respective 
acids and ammonia. Yet this postulate was contrary to 
his experience : the conglutin of lupin seeds, for instance, 
like the proteins of pumpkin seed, yielded much leucine 
on acid hydrolysis, but this material was found only in 
traces in their respective seedlings. Then again, conglutin 
yielded very much more glutamic than aspartic acid on 
acid hydrolysis; more glutamine than asparagine might 
therefore be expected in lupin seedlings. This again was 
not true, for in no ease had he been able to recognise glu- 
tamine at all. In pumpkin seedlings on the other hand, he 
could detect much glutamine and very little asparagine, 
although the seed protein gave about equal amounts of 
the respective acids. How were these differences to be 
explained? 

Pfeffer had shown that the products of protein decom- 
position in seedlings could be again utilised for regenera- 
tion. In Schulze’s opinion, however, a mixture of such 
products was not necessarily required ; any one of them 
might suffice,* since Khop and Wolf (120) had grown 
water-cultured rye plants successfully when nitrogen was 
supplied entirely in one form, e.g. tyrosine or leucine, and 
Bente (12) had grown maize similarly on asparagine. As- 
paragine and glutamine were no doubt extensively util- 
ised by many plants for this purpose and his own work 
had shown that under certain conditions (cf. table 9) lu- 

* For Schulze’s views on the synthesis of protein from one single or- 
ganic nitrogenous substance, i.e. asparagine, see p. 52. 
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pin seedlings used amino acids such, as tyrosine and leu- 
cine preferentially. Protein decomposition products which 
are found in any quantity therefore are those either un- 
suitable for regeneration or are utilised only very slowly 
for this purpose ; in lupin seedlings, asparagine clearly 
comes into this category, just as glutamine does in pump- 
kin seedlings. It was not a question of simply rebuilding 
with the decomposition products from the reserve pro- 
teins of the seed — the new protein in the growing parts 
was albumin and some different process must be operat- 
ing. 

Although such a hypothesis would explain many ob- 
served facts, it would not wholly account for the enor- 
mous accumulations of asparagine that are sometimes 
encountered in lupin seedlings, since Ritthausen had ob- 
tained only 2 per cent of aspartic acid from conglutin. If 
allowance be made for inadequate methods of isolation, a 
higher value must be taken and an exaggerated one would 
be, say, 16 per cent, in which ease not more than 20 per 
cent of the nitrogen from decomposed conglutin should be 
found as asparagine and 80 per cent in the form of other 
products. If the latter be used preferentially for protein 
regeneration, this relationship would alter in favour of 
the asparagine, but to attain that found in 15-day etio- 
lated seedlings (60 per cent) very active regeneration 
would be necessary and this was contrary to his observa- 
tions, for, in such seedlings, the total protein was only 
about one-fifth that present originally in the seed, and 
some conglutin remained imdecomposed. Protein regen- 
eration had therefore not been very extensive and only a 
part, probably a small part, of the asparagine could have 
come directly from conglutin. The remainder must have 
originated in some other way, and the data presented in 
table 12 suggested that it was at the expense of the other 
decomposition products. 

Both Hartig and Pfeffer had fotmd much more aspara- 
gine in the axial organs than in the cotyledons; he had 
confirmed this in 1876, and had now investigated the point 
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TABLE 12. 


(From Schulze, 268.) 
Seedlings otLupmm luteus 


N of decomposed 
protein converted 
into asparagine-N 

% 


Grown 4 days in dark 45.7 

Grown 7 days in dark 56.7 

Grown 12 days in dark 63.5 

Grown 10 days in dark and then 14 days in dull light* . . . 73.4 


in some detail. His new data, presented in tabular form in 
1880 (270), showed that protein decomposition in the 
cotyledons did not give anything like as high a proportion 
of asparagine as he found in the axial organs. 


TABLE 13. 

(From Schulze, 270.) 

In percentages of In percentages of 

total N* in the total N in the 

Etiolated seedlings of protein-free extracts protein-free extracts 
Lupinus luteus of the cotyledons of the axial organs 

Aspara- Other Aspara- Other 

gine-N soluble-H gine-N soluble-N 

4 days old 17.5 82.5 70.0 30.0 

6 '' “ 20.5 79.5 68.8 31.2 

12 26.2 73.8 78.1 21.9 


In the extracts from both the cotyledons and axial or- 
gans, the “other soluble-N” consisted in large part of 
“amido-N” (Sachsse-Kormann) (262) and it would ap- 
pear that these “amides,” formed by protein decomposi- 
tion in the cotyledons, were in large part converted into 
asparagine either as they streamed up into the axial or- 
gans or after their arrival therein. This would explain 

* This experiment was made in December when the light was poor. 
The seedlings became green fairly soon, but new growth was very slow. 
The asparagine content was 29.3 per cent of the dry weight of the seed- 
lings, 25.6 per cent being obtained from the sap by direct crystallisation 
without treating the mother-liquors with alcohol ! 
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the very striking fact that the concentration of aspara- 
gine in the axial saps was always greater than that of the 
cotyledons. 

TABLE 14. 

(From Schulze, 270.) 

Per 100 g. of water 
In the sap of the In the sap of the 


Seedlings of Lupinus luteus 

fresh cotyledons 

9- 

fresh axial 

9- 

Grown 4 days in dark 

0.65 

1.30 

Grown 6 days in dark 

1.09 

1.45 

Grown 11 days in dark 

1.23 

1.62 

Grown 12 days in dark 

1.07 

1.18 

Grown 12 days in ligkt 

1.49 

2.00 



We cannot doubt (Schulze argued) that, in the plant, 
dissolved substances can be distributed by diffusion ; and 
the above-mentioned relationships could surely not hold 
if the enormous accumulation of asparagine found in the 
axial organs were due to a continued and intensive pro- 
duction in the cotyledons. The transformation from other 
protein decomposition products therefore undoubtedly 
took place in the axial organs, and the question then 
arose, in what way was this brought about? 

In 1878, Schulze could offer no simple chemical expla- 
nation, and very guardedly made the suggestion that it 
might be due to alternate protein decomposition and re- 
generation in the growing parts, the decomposition giving 
asparagine and other nitrogenous products and the re- 
generation taking place preferentially from the latter. By 
repetition of this process, the greater part of the cotyle- 
don protein decomposition products would thus be ulti- 
mately transformed to asparagine, which would neces- 
sarily accumulate in the growing parts. 

Such an admittedly speculative view, taken in conjunc- 
tion with the previous suggestion that certain of the re- 
serve protein decomposition products are preferentially 
utilised for protein synthesis in the axial organs, was, he 
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felt, in keeping -with the original postulate of von Gorup- 
Besanez, and explained why in some seedlings only small 
amounts of certain of the acid hydrolysis products of seed 
proteins could be found, while others showed a large ac- 
cumulation of asparagine or glutamine. 

In 1880, Schulze (270) again discussed very fuUy the 
question of asparagine formation in plants and stated 
that he now felt a little more confident about his views on 
the transformation of protein decomposition products to 
this substance. By identifying it with the activities of 
protoplasm, undoubtedly he had been very daring, for al- 
though Pf offer (210) in 1876 had admitted that the proc- 
esses of respiration might require a continuous break- 
down and regeneration of protein, he was most emphatic 
that asparagine was to be regarded simply as a reserve 
protein material. Borodin’s recent paper (20), however, 
had given him great encouragement, since he envisaged 
that, in the living protoplasm of all parts of all plants, a 
continuous interchange between protein and asparagine 
was essential for activities connected with respiration 
and growth of cells. Taken in conjunction with his own 
views given above — ^that the protein decomposition prod- 
ucts suitable for protein regeneration vary from plant to 
plant — ^Borodin’s suggestion might be used to explain the 
accumulation not only of asparagine or glutamine, but of 
other protein decomposition products in any part of the 
plant, and this would hold throughout the plant kingdom. 
His own investigations so far had been confined almost 
entirely to seedlings, but, following Borodiu, he had 
looked for and found in twigs of Alnus, water-cultured in 
the dark for 10 days, asparagine and small amounts of 
“amido-N” in the etiolated leaf buds. Protein breakdown 
in leaves therefore probably gave the same mixture of 
products as in seedlings, and these might arise either di- 
rectly, according to von Gorup-Besanez’s postulate, or 
indirectly via protoplasm. In the green plant, however, 
asparagine might also be formed from sources other than 
protein. KeUner (116) had recently investigated various 



42 PROTEIN METABOLISM IN THE PLANT 

forage plants, and had fonnd in the early stages mnch 
non-protein nitrogen, partly in the form of amide nitro- 
gen (Sachsse), while Emmerling (76) had examined all 
parts of the broad bean {Vida Faba) at various stages of 
growth, and had always found evidence for “amido-N” 
(Sachsse-Kormann). Kellner had suggested that, in the 
green plant, it was possible that asparagine was formed 
not only from decomposition of protein, but also from in- 
organic nitrogen translocated from the soil, and that it 
was difficult to decide which process was operative. Em- 
merling had agreed, and he (Schulze) felt that the latter 
alternative was not by any means improbable. 

The above-mentioned views of Schulze on the mecha- 
nism of asparagine synthesis in seedlings w’^ere, of course, 
directly opposed to those of Pfeffer, and were not allowed 
to go unchallenged. In his Pflanzenphysiologie, published 
in 1880, Pfeffer (211) stated that Schulze’s assumption 
that the breakdown of protein in plants must give rise to 
amino acids and acid amides in the same proportions as 
under the action of known chemical agents could not be 
accepted without further enquiry, for already numerous 
chemical experiments could be cited* which indicated that 
the decomposition products varied according to the treat- 
ment to which the proteins were subjected. The plant evi- 
dently possessed the ability to build up protein, which 
contained many molecular complexes, from any one of a 
number of simple nutrient materials, so it could not be 

• The contemporary literature contained many data which sup- 
ported Pfeffer’s statement. Ritthausen, for instance, isolated 2.0 per 
cent of aspartic acid from conglutin after acid hydrolysis, Hlasiwetz 
and Habermann (109), 14.5 per cent of aspartic and “malaminic” acid 
(the latter being considered an uncrystallisable isomer of the former), 
after treatment of the same protein with bromine. Sehiitzenberger (303) 
observed that alkaline hydrolysis of albumin gave a mixture of amino 
acids from which he separated valine, then not yet recognised as a prod- 
uct of acid hydrolysis. There was also Nasse’s “firmly bound” ammonia, 
given only on prolonged alkaline hydrolysis. These contradictions are 
readily explainable today, but to Pfeffer and certain of his contempo- 
raries they were natwmllyjegitimate ground for argument. 
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denied that on decomposition these complexes might he 
broken down in a manner specific to the particular or- 
ganism. 

In 1885, Schulze (271) replied that the chief task of 
physiological chemistry was to make possible an under- 
standing of the changes taking place in the organism by 
identifying them with chemical processes that can be 
brought about outside it, and aU that he had attempted to 
do in this particular case was to bring observed plant 
phenomena into harmony with the results obtained by de- 
composing proteins with known chemical agents. He re- 
minded Pfeffer that, since the time when Lavoisier gave 
chemists the balance, chemical change had been studied 
quantitatively as well as qualitatively! von Gorup-Besa- 
nez’s postulate could not explain quantitatively the chemi- 
cal changes observed during the germination of lupins, 
etc., and other explanations were needed. Pfeffer ’s own 
suggestion, however, was in his opinion very unlikely, for 
there was much chemical evidence (summarised in 1882 
by Baumann [9] ) to show that certain atomic groupings 
present in protein decomposition products pre-existed in 
the protein molecule. Proteins, for instance, gave the Mil- 
Ion test for tyrosine, suggesting that a phenolic-hydroxyl 
group was present, while oxidation gave benzoic acid and 
benzaldehyde in sufiicient amount to warrant the as- 
sumption that another aromatic group was also present 
(Schulze suggested that this might be due to phenylala- 
nine). It was true that Low (139) in 1875 had doubted the 
presence of a leucine complex because the free amino acid 
slowly reduced osmic acid, while proteins themselves did 
not, but Baumann had pointed out that the comparison 
was not a valid one since glucose and fructose both reduce 
Fehling’s solution, while cane sugar does not. Moreover, 
in a later paper. Low (141) had admitted that both aro- 
matic and phenolic nuclei might be present in the intact 
molecule even though he still doubted whether the leucine 
complex was preformed, since he could not obtain valeric 
acid on oxidation. 
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I have pointed out earlier on page 12 the vague ideas on 
the constitution of proteins current in 1872 when Pfeffer 
was formulating his ideas on asparagine in seedlings; 
since then much progress had been made, but only with 
respect to the nature of the protein decomposition prod- 
ucts ; there was still no evidence which would help chem- 
ists to picture in their minds the actual constitution of 
the protein molecule itself. It is not surprising therefore 
that individual notions on this important question were 
rampant and that chemists should disagree among them- 
selves no less than with plant physiologists. Pfliiger’s as- 
sumption* that “living protoplasm” was endowed with 
unique chemical activities waSj for instance, strongly sup- 
ported by Detmer (66), who claimed that in the plant it 
brought about “dissociation” of protein into nitrogenous 
and non-nitrogenous substances, instancing the elabora- 
tion of fat from protein in animals. In the plant, break- 
down of protein gave ‘ ‘ amides ’ ’ ( asparagine, leucine, etc. ) 
and carbohydrate, as Pfeffer had observed, but this was 
due to the wonderful union {wunderhare Y erhnupfung) 
of the atoms in the living cell, and it could not occur out- 
side the plant xmder the action of chemical agents because 
the protein had, by then, been stabilised. 

Small wonder that, during this period (of “Vitalism”), 
Schulze himself should have been influenced by the pre- 
vailing confusion, and have been very cautious in his criti- 
cisms! If amino acid complexes were preformed in the 
protein molecule, as he firmly believed, then Pfeffer ’s re- 
iterated postulate, that the whole of the asparagine found 
in lupin seedlings came directly from the seed protein 
conglutin, was impossible, since his assistant, Bosshard, 
had found that this protein gave on acid hydrolysis 13 per 
cent of its nitrogen as “loosely bound nitrogen” (what 
we now call “amide nitrogen”) and the maximum amount 

* In 1875, Pfliiger (213) had suggested that the protein of “dead” 
protoplasm was stabilised and behaved as chemists observed, but that 
“living” protoplasm was continually undergoing intermoleeular change, 
the amino group being transformed to the nitrile. 
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of primary asparagine and glutamine that could be pres- 
ent in the seedlings therefore was equivalent to 26 per 
cent of the total nitrogen of the decomposed protein. The 
origin of the excess asparagine was admittedly specula- 
tive, but he preferred his own view that it was due to the 
continuous decomposition and regeneration of protein, as 
this could be considered in keeping with the known facts 
of protein chemistry. “Living” protoplasm was a possi- 
bility, but he had no faith in it ! 

4. Schulze Modifies His Views on the Origin of Asparagine 
in Seedlings. 

A perusal of Schulze’s papers published during the 10 
years previous to this verbal duel with Pfeffer in 1885 
suggests that he was, at heart, not really at all favourably 
disposed towards any explanation of metabolism which 
necessitated the aid of “protoplasmic activity.” The ac- 
cumulation of asparagine in plants was a chemical phe- 
nomenon and he realised all along that explanations were 
difficult because no clear idea of even the rudiments of 
protein constitution had been formulated, and so very 
little was known about the numerous other non-protein 
nitrogenous constituents of plant organs and their me- 
tabolism. His own researches were directed towards an 
improvement in the latter field, and for this reason he un- 
doubtedly regarded his discovery with Barbieri (288) of 
phenylalanine in lupin seedlings, and the proof a little 
later that it was a constituent of the lupin protein con- 
glutin, as of great importance, since such evidence em- 
phasised the close connection between amino acids and 
protein metabolism. The same was true of their isolation 
in 1883 of valine from lupin seedlings, an amino acid then 
known only as a constituent of pancreas juice. Continuing 
his studies with lupin seedlings, he was able, in 1886, to 
announce with Steiger (297, 298) the discovery of a new 
base which they called arginine. This was present also in 
squash seedlings, and a study of its properties showed 
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inter alia that it gave ammonia and carbon dioxide on be- 
ing boiled with alkalies. Five years later Sehnlze (273) 
found that the amount of arginine produced in lupin seed- 
lings exceeded the total non-protein nitrogen originally 
present in the seed; it must therefore have been derived 
from the seed reserve proteins. The eventual proof by 
Hedin that it was a true acid hydrolysis product of pro- 
teins, and that it was a component of Dreehsel’s ‘Tysa- 
tin,” makes fascinating reading (ef. Vickery and Schmidt, 
339) and illustrates the important bearing that Schulze’s 
plant researches had at that time on protein chemistry. 
Arginine, of course, explained Nasse’s “firmly bound” 
ammonia. 

Meanwhile, in 1888, Schulze was forced back into po- 
lemics by the publication the year before of a stimulating 
but provocative paper by Muller (181), who called to 
question his views on asparagine metabolism. Miiller’s 
work was on similar lines to that of Borodin, whose 
microchemical technique he followed, and it concerned the 
relationship between asparagine and protein in leaves. 
His conclusions were highly speculative and were based 
in part on the original view of Pfeffer, restated more re- 
cently by Emmerling (76), that asparagine and carbo- 
hydrate could condense en bloc to give protein (proto- 
plasm). Briefly, he developed the thesis that it was the 
assimilation process itself — ^with the carbohydrate in 
statu nascendi — ^which led to the transformation of as- 
paragine to protein, and, in a discussion on the origin of 
the asparagine, he wrote : 

Whether in seedlings the amide in question arises from the 
reserve proteins I will leave undetermined. But it must be men- 
tioned that the quantity found far exceeds that which is pro- 
duced from protein by artificial decomposition. Hence the pro- 
duction of asparagine from protein according to Borodin seems 
to me to contradict the principle of “minimum of work” [Ar- 
ieitsersparniss] . Why should protoplasm when once formed de- 
compose again only to be regenerated ? It is much more probable 
that the asparagine in the plant arises from the assimilated car- 
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bohydrate and the inorganic nitrogen compounds [he had stated 
earlier that this was Emmerling’s view] and that later, through 
the assimilation process, the asparagine is further transformed 
to protein. . . . It is taught that the fermentation of sugar and 
of malic acid produces succinic acid. Fermentable sugar and 
malic acid are widely distributed in plants, and processes that 
resemble fermentation, namely, respiration, readily go on in the 
plant. Through this process carbohydrate can be transformed 
into alcohol and, I suspect, also into succinic acid just as in the 
ease of fermentation. In the presence of inorganic nitrogen, 
therefore, the possibility of asparagine synthesis from succinic 
acid cannot be disregarded. Further, it may arise in the same 
way direct from the malic acid in the plant,* and, in this ease 
also, carbohydrate must be regarded as necessary for its forma- 
tion, since this acid owes its origin to it. In both cases, accord- 
ingly, carbohydrates are required for asparagine enrichment. 

Schulze’s (272) paper of the following year (1888) was, 
in part, a reply to Miiller and, in part, a long discussion 
in which he evolved a new hypothesis of asparagine pro- 
duction from proteins which has stood the test of time. 
The paper portrays him, if I may be permitted the ex- 
pression, in his most lovable mood. First of all, he deals 
Justly with Muller’s ideas about carbohydrate m statw 
wascewrfi, which his own evidence will not permit him to 
accept ; next, waxes mildly indignant over the suggestion 
that there can be any doubt whatever about the origin of 
asparagine in seedlings; then admits, after some pre- 
varication, the force of Muller’s ridicule of Borodin and, 
finally, puts forth in outline the new theory mentioned 
above, which, he states, has so little chemical evidence be- 
hind it that he will not trouble to discuss it further — and 
then promptly does so, to the extent of nearly 2000 words ! 

With regard to asparagine production in green plants, 
Schulze pointed out that Muller had misquoted Emmer- 
ling (77), who maintained that it might arise not only 
from inorganic nitrogen and carbohydrate, but also from 

* Miiller seems to have been unaware that Beyer suggested this in 
1867! (Cf. p. 6.) 
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regressive protein metabolism; Kellner bad expressed 
similar views in 1879, and be (Scbulze) bad agreed with 
them (of. p. 42). The nitrate and ammonia content of ma- 
ture green plants was, however, so very small that he felt 
the second alternative was the more usual process em- 
ployed, especially in the case when plants were kept in the 
dark. There was no definite evidence on the point, but he 
thought it likely that protein breakdown in leaves might 
give the same mixture of products (asparagine, gluta- 
mine, “amides,” etc.) as in seedlings; on the other hand, 
it was possible that the protein molecule itself, or perhaps 
the above-mentioned decomposition products, might give 
rise to carbon-free or carbon-poor nitrogen-containing 
residues* and that these could be used, with nitrogen-free 
organic compounds, to synthesise asparagine. 

In the case of seedlings, Schulze was emphatic that his 
earlier work with lupins left no doubt whatever that the 
asparagine came from the seed reserve proteins, for the 
15-day etiolated seedlings contained 4 per cent of aspara- 
gine nitrogen and the total non-protein nitrogen present 
in the ungerminated seed was only 0.46 per cent. These 
figures showed that protein must have furnished the ma- 
jor part of the material for asparagine building, and this 
would hold whether one regarded the latter as being 
elaborated according to his postulate of 1878, or the one 
just propounded, involving nitrogen residues and nitro- 
gen-free organic material. MuUer’s criticism of the point 
was not very precisely phrased, and Schulze no doubt 
thought that he had answered it in a satisfactory manner 
— actually, however, he was slightly confusing the issue, 
for all that he had, in fact, shown was that the asparagine 
nitrogen must have originated, in very large part at least, 

• A footnote to this statement reads as follows : “Whether it is pos- 
sible that by such a decomposition process ammonia residues may be 
formed or some others which contain nitrogen-rich groups is a question 
upon which so Kttle that is positive is known that I shall not trouble to 
diseu^ it further here.” Actually, he does this, a few pages on, at great 
length, but is far too cautious to mention ammonia again specifically! 
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from protein. He did not discnss the origin of the carbon 
skeleton of the asparagine or of the nitrogen-free or- 
ganic material at all, and possibly took it for granted 
that these came also from the protein. If, however, the 
protein nitrogen became completely detached from its 
original protein complex and reacted in the form of 
‘‘nitrogen residues,” then the nitrogen-free organic ma- 
terial with which these condensed might quite likely have 
come from some other, independent, source. In a vague 
way, for he was no chemist, this is perhaps what Miiller 
wished to imply. The question is an important one in con- 
nection with the possible respiratory activities of pro- 
teins in plants, and I shall return to it later. 

Schulze’s new idea — -undoubtedly prompted by Muller’s 
views on asparagine formation— that protein breakdown 
in plants might go beyond the amino acid stage and give 
nitrogen-rich residues seemed to him at first such a wild 
speculation that he immediately hedged by stating that he 
still had great faith in his former hypothesis that aspara- 
gine was formed from amino acids via alternate regenera- 
tion and decomposition of protein I Borodin had been 
loth to believe that proteins were not concerned in the ac- 
tive changes associated with protoplasm, and Schulze still 
agreed Avith him. He admitted, however, that others, be- 
sides Muller, were prepared to question this ; Emmerling 
(77), for instance, asserted that in plants the proteins, 
when once built up into protoplasm, were used again only 
very sparingly in metabolic processes. 

Fortunately the quaint mental kink which bid Schulze 
shelve a new idea because it was too speculative for his 
cautious nature was not dominant for long ; the degrada- 
tion of anaino acids, although shrouded at the time in 
mystery, was a process that might one day yield to chemi- 
cal investigation, and the chemist in him could not re- 
main silent ! Eetuming to the question, he put forward in 
a very guarded way what he called his new hypothesis. 
Direct protein decomposition in the plant produced as- 
paragine, glutamine, leucine, etc., as von Gorup-Besanez 
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had originally suggested, and in the proportions (with 
the amides as acids + ammonia) given on acid hydroly- 
sis.* The greater part of these products then underwent 
further decomposition to give carbon-free or carbon-poor 
nitrogenous residues (he had not the courage to mention 
ammonia this time!) which could be used with nitrogen- 
free substances in synthetic processes to build up aspara- 
gine. Nitrogen-free raw material for this purpose was, as 
a rule, present in plants, and he agreed with Miiller that 
it could give malic and succinic acids on oxidation, which 
stand in a known close relationship to asparagine.f 

The small amounts of leucine, tyrosine, phenylalanine, 
etc., found in seedlings, perhaps also the glutamine and 
part of the asparagine can thus be regarded as products 
of primary protein decomposition ; the remainder of the 
leucine, etc., which has disappeared, has undergone a deg- 
radation to give nitrogen-rich residues, and these have 
condensed with organic acids to build up asparagine, 
which must therefore be in part of secondary origin.t 
The new hypothesis was attractive because it made no use 
of the contentious idea of alternate protein decomposition 
and regeneration, but Schulze was not willing to bury the 

*voii Gorup-Besanez^s announcement (p. 35) that he had extracted 
from vetch seedlings a ferment which would produce peptone from al- 
bumin was questioned by Krauch (122), who maintained that the ex- 
tract itself contained peptone* The controversy was cleared up by Green 
(96), who pointed out the inadequacy of the latter’s experimental work, 
and showed that, in the seeds of Lupinm hirsuttcs, there vras a ferment, 
present as zymogen, which was activated in very weak acid solution, 
and would then digest fibrin to peptone, leucine and tyrosine. Green was 
at the time an assistant to Vines at Cambridge, who in later years 
(1902-1910) showed that peptases and ereptases were widespread in 
plants (340). 

t Schulze here definitely suggests that the carbon skeleton of aspara- 
gine might come from nitrogen-free raw material (carbohydrate) ; see 
my discussion earlier on p. 49. 

t Towards the end of his paper he briefly discussed the possibility 
that all the organic nitrogen compounds in plants are products of syn- 
thesis from carbon-free or carbon-poor products derived from protein 
decomposition. According to this view all the asparagine and amino 
acids would be of secondary origin. 






old one without an emphatic statement to the effect that 
there was no evidence whatever to show that in plants 
amino acid degradation of the type he was now suggest- 
ing could take place at all! Muller’s “carbohydrate in 
statu nascendi’' may have been merely the immature idea 
of a young man anxious to impress the plant physiologi- 
cal world, but at least he had the merit of having forced 
Schulze to reconsider a weak position and put forward 
suggestions as to amino acid metabolism which were 
really 15 years ahead of their time. 

It was not until 1906 (285), following the first sugges- 
tion that amino acids could undergo deamination with the 
production of ammonia and the corresponding a-ketonic 
acid, that Schulze would definitely commit himself to the 
view that ammonia was the “nitrogen-rich residue” re- 
ferred to in the above hypothesis. Meanwhile, in 1892 
(274), he discussed briefly Low’s (140) suggestion that 
there were two types of protein breakdown in plants, (i) 
a tryptic fermentation to give amino acids, etc., and (ii) 
an oxidation of protein by “living” protoplasm to give 
ammonia; one protein molecule giving aspartic acid as 
per (i) and another giving ammonia as per (ii), the two 
products uniting with loss of water to give asparagine. 
The idea that the production of asparagine from protein 
was an oxidation goes back of course to Pfeffer (208), 
and Sachsse (261) in 1876 had constructed an equation to 
represent the reaction. It had been revived again in 1888 
by Palladin (201), whose results (deduced from experi- 
ments with plants deprived of oxygen, which showed no 
accumulation of asparagine) Low regarded as confirma- 
tion of his views. Clausen (53), however, had objected 
that lack of oxygen killed plants in 24 hours, and that the 
changes observed by Palladin were really post mortem. 
Schulze (274) reviewed this evidence and was not con- 
vinced ; in his opinion no significant change in either pro- 
tein or asparagine could be observed in such a short 
interval as 24 hours! With regard to Low’s dual mecha- 
nism for asparagine production he agreed that it might, 
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if modified in certain details, be nsed to explain Ms obser- 

vatiorbnt pointed ont tfiat there was no evidence for 
vation, » P . Xf oxidation occurred, he 

KSt ftatt wouW be it a later stage, in the eonver- 
thought that It „„^eeiaUv of the fatty series, to as- 
sion of amino , ^P^^^ alanine or 

para,gme ipXiis suggestion he repeated in 

f&“) ha^^diet &all/W it antil 1906 as 
t“i”uIughMsbrilUa« 

it at! fl working hypothesis from l»yy onwaras. 
fueermention onlyVne other point before lea^ng the 
historical approach to protein metabolisin in seekings. In 
1898 Schulze (280) remarked that for 20 years e a 
SdSSlU the amino acids, etc., resulting from the 
decomposition of the reserve proteins in the cotyledons 

Tto asparagine and that this was what had induced him 
o suS fiit his old and later his new hypothesis of as- 
para&ie formation. On the basis of the then known facts 

he hS held that leucine, tyrosine, etc., ® 

for protein synthesis than asparagine, which was the rea- 
son why the asparagine accumulated in the regions wh 
it was formed.^The new mechanism for asparagine syn- 
iZi! hoTever, led him to adopt now the opposite view 
^d to regard asparagine (or glutamine) as more 
available for protein synthesis than the amino acids. A 
fo^ation waVthus the first phase of prote:n re 
This change-over was to brmg tani a little 

later into conflict with Prianischnikow. 

HerTwe can take our leave of Schulze’s controversy 
respecting the origin of asparagine in seedhngs. His new 
hypothesis was definitely accepted, althoug ^ 

uTOof came from the work of a later generation. From 
1900 onwards, he was to witness the important advances 
in protein composition and structure made by Emil 
Fischer-^final proof, in fact, that all the ammo acids w«e 
indeed preformed in the protein molecule— and the early 
work on amino acid metaboHsm earned out by Neubauer, 
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Embden and Knoop. But by then he had become an old 
man and his eyesight was failing — thenceforth he left 
speculation to others, and contented himself in his de- 
clining years with a pastime in which he has had no peer 
in any country, the isolation of amino acids and other 
nitrogenous products from plant organs at various stages 
of physiological activity. 


CHAPTER HI 

protein metabolism in seedlings 
review of the later literature 

1 , Introduction. 

W E saw iu the last chapter that Schulze, after 
many vicissitudes, had arrived at the general 
SUusion that, on germination, the reserve 
proteins of the seed are broken down by enzymes to gve 
peptones and amino acids, and that these latter 
LL faitier ehange to give 
sibly ammonia, wMoh then m 
arids to we asparagine, or, m certain species, 

The amide thus formed aooumulates in the gromng parts 
to boTed prierentiany for protein synthesis w «t«. 
Moreover, tL extent of protein breakdo;^ in the coty- 
ledon or endosperm, of new synthesis m the S 

parts and of amide accumulation are functions of the 

available carbohydrate, probably gj^cose. _ _ 

These views he amplified considerably in his later 
veSL and™Ts to him Id to Prianisehnikow that ive owe 
most of our present knowledge of seedlmg metabolism, 
for since their work, surprisingly few investigations 
have been undertaken with seedlings, the ^o^us of mter- 
esrespecially in recent years, having shHted to the leaves 
of greL plants, organs which these earlier 
too complex for the chemical methods then 
withstanding this, many obsenrations on 
lism, which were confusing in those days, 
what appears to be a reasonable explanation in the lig 
of advances made in cognate fields of research, as 
shall see later. 


SEEDLINGS 


55 




2. Asparagine as a Secondary Product of Seedling 
Metaholism. 

I have already emphasised (p. 45) the importance that 
Schulze attached to the isolation and identification of the 
non-protein nitrogenous products of seedlings, for he re- 
garded them as the key to the protein metabolism. In the 
last general summary of his work (285) published in 
1906, he was able to report the presence of ten of the 
amino acids known to be hydrolysis products of protein, 
viz. valine, leucine, isoleueine, phenylalanine, tyrosine, 
tryptophan, proline, arginine, Mstidine and lysine. These 
could be obtained in appreciable quantity only after ger- 
mination, and were therefore undoubtedly derived from 
the seed reserve proteins.* He had, of course, isolated 
asparagine and glutamine, but at the time he could only 
surmise that these might pre-exist (in part) in the protein 
molecule, for the direct proof of this possibihty dates 
from recent times (59, 60). To the best of my knowledge, 
this list is nearly as complete as we can make it today; 
Shorey (308) in 1897 had obtained evidence for the pres- 
ence of glycine in sugar cane, while Vickery (331) has 
since found alanine and serine in the green parts of Medi- 
cago saliva. 

In keeping with his view that the elaboration of aspara- 
gine in seedlings took place in the growing parts from 
amino acids which had streamed up from the cotyledons, 
he was able to isolate these amino acids in larger amount 
and in greater variety from the latter organs. Some of his 

* Schulze had, in addition, isolated in small amount many other ni- 
trogenous products from seeds or seedlings; e.g. allantoin, xanthine, 
etc., which he thought might arise from breakdown of nucleoprotein ; 
betaines such as trigonelline and staehydrine, and alkaloids such as 
ricinin which he thought might be synthesised from amino acids de- 
rived from the reserve proteins. Such products, however, can play 
either directly or indirectly only a minor role in the general protein 
metabolism of the plant and I do not discuss them further in this book. 
An excellent review of the more recent work in these fields has recently 
been published by McKee (158). 
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prfim SvZus rtages of growth was 

as follows: 

TABLE 15. 

(Compiled from Sclmlze and Castoro, 294, and WassiUefl, 353.) 

Per 100 of Tingerminated seeds 
without testas 


Lupinus alhus germi- 
Bated in light 


Protein-N 

Asparagine-N 

Arginine-N 

Other-N (difE.) 


Seeds 


without 

4-day 

testas 

seedlings 

9^ 

9- 

6.89 

5.38 

■ — 

1.21 

. 0.007 

0.08 

. 0.78 

1.01 

. 7.68 

7.68 


7-day 

seedlings 

9- 

3.26 

2.47 

0.04 

1.91 

7.68 


14-day 

seedlings 

9 - 

3.34 

3.06 

0.01 

1.27 

7.68 


Total-N ■•••• 

At the 4-day stage, when the hypocotyl was 1.5 pm. 
long, he foimd asparagine, leucine, 

Mstidine and lysine in to cotyledons hnt only aspua 
cHTie lencine, valine and phenylalanine in f ® S . & 
™rts The protein nitrogen had decreased, and the majo 
part of the^deficit had already reappeared as 
mtroffen This change was even more marked at the ?- 
Md U-^T stages aSd, in the latter case, the asp^^ne 
Sroge^TepreLted ks per cent of to los P^ton nn 
trop-en— an amazing resnltl In spite of tMs, however, 
ar Jnine histidine and lencine could still he isolated from 
thf cotyledons, and traces of the two bases were found in 
both the stems and leaflets. As very 
protein had then taken place these f ® 

that the amino acids had been metabolised P 
“o^n to asparagine and entirely coninoed lus orrgi- 

tongS Sitllhnlze was rather lahonring 
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the point here because his much earlier results of 1878 
(table 6, p. 20) show that “amido-N” had contributed to 
the increase in the asparagine nitrogen observed. Accept- 
ing his change of viewpoint regarding the origin of the 
asparagine, this is indeed true, but it must be remembered 
that in those dajp-s he and Umlauft had isolated only leu- 
cine and tyrosine from the seedling sap, and until he had 
proved to his own satisfaction that the total amount of 
amino acid present was comparable to that suggested by 
the “ amido-N,” he does not appear to have placed much 
reliance on the latter value. Throughout Ms whole life he 
was, in fact, distrustful of all indirect methods of analysis 
and the only one he used consistently — that of Sachsse 
for determining amide nitrogen — ^he frequently checked 
by a direct isolation, and was not content unless he ob- 
tained over 80 per cent of the amount expected; an atti- 
tude in striking contrast to that displayed in some of the 
modern work with leaves ! ^ ^ ^ ^ ^ ^ ^ ^ 

Some five years before Schulze’s long and laborious 
work was published, Prianischnikow (225) had actually 
shown very neatly that part of the asparagine in seed- 
lings must come from protein decomposition products. 
Using some results of his own, and of Schulze’s pupil, 
Merlis (164), he compared the rate of protein decomposi- 
tion and the rate of asparagine accumulation (see fig. 1, 
p. 77). Both reached a maximum at about the same time, 
but later the former decreased much more rapidly than 
the latter, showing that asparagine was then being syn- 
thesised in part from other products of protein decompo- 
sition, and Prianischnikow thought it probable that these 
must be the amino acids. 

In the year 1899, this suggestion was speculative, and 
Schulze undoubtedly regarded it as such, for at that time 
protein analyses were very far from complete (circa 45 
per cent), and there was still no evidence that, on enzymic 
or even on acid hydrolysis, the protein molecule would 
give only amino acids. The contrast between the attitude 
of master and pupil, between the experience of ripe years 
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and the rashness, though possibly keener intuition, of 
youth, appears very vividly here; Schulze, as we have 
seen, spent five laborious years definitely proving a point 
that Prianischnikow was content to infer from the earlier 
work of Schulze’s own school! 

3. Glutamine as a Secondary Product of Seedling 
Metabolism. 

In many seedlings, particularly in plants of the orders 
Polypodiaceae, Polygonaceae, CJienopodiaceae, Garyo- 
phyllaceae, Umbelliferae and Cruciferae, Schulze found 
that the protein metabolism led to an accumulation of 
glutamine instead of asparagine. The distinction, how- 
ever, was not sharp, and appeared to depend on climatic 
conditions and age of the plant : sometimes one amide was 
found, sometimes the other, and in numerous cases both 
amides were actually isolated (cf. Stieger, 316). In gen- 
eral, he found that glutamine was elaborated on germina- 
tion of oil-bearing seeds, and as these contained relatively 
little protein and abundant reserve nitrogen-free mate- 
rial for growth and respiration, the breakdown of protein 
was not intense. The amount of glutamine formed, there- 
fore, was small compared with that of asparagine, and 
the maximum amount he recorded was 2.5 per cent (of the 
total dry weight) isolated from the axial organs of etio- 
lated castor bean (Ricinus communis) seedlings (279). 
Schulze never determined glutanaine nitrogen indirectly 
by the method of Sachsse (mild hydrolysis followed by 
estimation of liberated NHa), as he could never be certain 
that asparagine was absent; Prianischnikow (224), how- 
ever, records 6.17 per cent (in terms of total seedling ni- 
trogen) in seedlings of squash {Gucurbita pepo). That 
Schulze’s caution was fully justified is shown by some re- 
cent work of Schwab (304), who has examined many seed- 
lings and leaves by a modification of the Ohibnall and 
Westall (52) method for determining glutamine in the 
presence of asparagine. A selection of his results for 
seedlings is given below. 
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TABLE 16. 
(From Schwab, 304.) 



In percentages of total-N 


Glutamine 

Asparagine 

Seedlings of 

K 

H 

Helianthm annuus 

3.47 

3.63 

Micinus communis 

4.14 

1,60 

Cucurbita pepo 

2.10 

2.21 

Linum usitatissimum 

1.62 

1.68 

Phaseolus multiflorus 

3.2 

22.4 

Lupinus luteus 

1.0 

20.0 


Schulze’s assumption that glutamine was associated 
with fat metabolism is clearly incorrect, for the oil-bear- 
ing seeds on germination all gave reasonable amounts of 
asparagine, especially Cucurbita pepo. Schwab also found 
both amides in many Gramineae seedlings (confirming 
Schulze), but I am inclined to doubt if the method of 
glutamine analysis is sufficiently accurate to establish the 
validity of the small value quoted for the yellow lupin in 
table 16, even though the production of primary gluta- 
mine at this stage is probable. Schwab’s results, however, 
leave no doubt that, in most families, both amides may be 
elaborated, and in proportions which vary in the different 
regions and with the stage of development of the plant. 

I shall give my own views on the comparative roles of 
the two amides later, but I can quote here some un- 
published results obtained in my laboratory by Westall 
showing the nitrogen partition during the germination of 
Ricinus communis, glutamine nitrogen being separately 
estimated by the above-mentioned method. 

The seeds contained a small amount of asparagine 
which was slowly replaced by glutamine as the seedling 
developed. Appropriate analyses of the hypocotyls and 
roots at the 8- and 15-day stages showed that they con- 
tained the major part of the glutamine (confirming 
Schulze, 279) and no asparagine, the latter being con- 
fined to the cotyledons. It is mteresting to note that Green 
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TABLE 17. 

(Unpublislied data.) 

Per 100 g. of ungerminated seeds 

Seedlings Seedlings 
8 days 8 days 

Bicinmcom- Seedlings Seedlings in light fol- in light fol- 


munis planted 
24.iv.1933 

Seeds 

6 days 
in light 

8 days 
in light 

lowed by 7 
days in dark 

lowed by 14 
days in dark 


9- 

9^ 

9^ 

9* 


Protein-ISr 

2.34 

2.19 

1.96 

1.54 

1.65 

Glutamine-N 

0.004 

0.085 

0.14 

0.30 

0.44 

Asparagine-N 
Other soluble-N 

0.141 

0.065 

0.03 

0.02 


(diff.) 

0.502 

0.665 

0.87 

1.14 

0.89 

Total-N 

3.0 

3.0 

3.0 

3.0 

3.0 


(97) isolated a small amount of asparagine from very 
young seedlings of tMs plant, whicli shows that the in- 
direct methods of analysis are valid. 

As the amount of glutamine elaborated in seedlings ap- 
pears to be so much less than that of asparagine, in e.g. 
leguminous seedlings, it is pertinent to enquire whether 
this amide might not be regarded simply as a direct pri- 
mary protein decomposition product, as Nuccorini (188) 
has recently claimed. 

Schulze refrained from making a positive pronounce- 
ment on this point, for although he regarded the primary 
production of both amides as possible, he had no proof, 
and, since the nitrogen of asparagine had clearly to arise 
in large part by some secondary change involving the 
amino acids, he thought the same probably held for that 
of glutamine. We know, however, from the recent work of 
Damodaran (59) that glutamine pre-exists in wheat glia- 
din, and of Damodaran, Jaaback and Chibnall (60) that 
asparagine pre-exists in edestin, consequently we are 
now justified in assigning all the so-called “amide-N” to 
pre-existing amides in the protein molecule, and in re- 
garding the amount of glutamic acid obtained after acid 
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hydrolysis as a measure of the maximum amount of glu- 
tamine which that protein can give on enzymic digestion. 
Fortunately the two main reserve proteins of Bicinus 
seeds, a crystalline globulin and an albumin, ricin, have 
been analysed, so that the maximum amount of primary 
glutamine that these can give on germination of the seed 
is known. Eelevant data are collected in table 18. In 
WestalFs experiment, the 14-day seedling growth pro- 
duced 2.3 per cent of glutamine concomitant with a fall in 
total protein of 5 per cent, both values being calculated in 
terms of total dry weight of ungerminated seed. It will 
be seen that the amount of glutamine produced is far in 
excess of that which could arise from the primary decom- 
position of the two reserve seed proteins, even allowing 
for possible inadequacies in the analysis for glutamic 
acid, and assuming that the whole of this acid pre-existed 
as its amide. 


TABLE 18. 

Bicinus communis Ungerminated seed 14~day seedling 

Globulin Ricin 

% % % of decom- 

o£ protein of protein posed protein 

Glutamic acid 14,5* 20.0t - 

Glutamine - - 46 


From these results I can draw only one conclusion, 
namely, that as seed proteins contain no inconsiderable 
proportion of glutamine, the production of a limited 
amount of this amide during seedling metabolism through 
primary protein decomposition is possible, but that a sec- 
ondary origin involving inter alia amino acids can also 
occur. The contrary suggestion of Nuccorini was clearly 
based on his own (low) yields of crystalline glutamine 
from the etiolated seedlings. 

Both asparagine and glutamine, therefore, must be 
products which can have a secondary origin in seedling 

* Osborne and Gilbert (194). 

t Karrer et aL (114). 
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metabolism, but before passing on to discuss tbe more 
general question of protein decomposition and regenera- 
tion in seedlings, I should like to mention the suggestion 
of Suzuki (320) that, in coniferous plants, arginine can 
also function as a product of secondary metabolism, since 
it will permit me to introduce one of the most beautiful 
examples of analytical chemistry performed by Schulze 
and his colleagues. 

4. Arginine as a Primary Product of Protein Decomposition 
in Seedlings. 

Suzuki claimed, from very inadequate analyses of seed- 
lings of Pinus Thunhergii, that arginine was formed at 
the expense of other amino acids, that it had the same 
physiological function as asparagine, and that it was syn- 
thesised in preference to the latter when ammonia was 
fed to the seedling. The fact that arginine sometimes ac- 
cumulates in seedlings, especially in conifers, was already 
well known to Schulze (278). With certain plants, viz. the 
white lupin (Lupinus alhus), the blue lupin {Lupinus an- 
gustifolius), the vetch (Vida sativa), and the pea (Pisum 
sativum), he could find only traces of arginine in the seed- 
lings, and concluded that this amino acid must be utilised, 
with the other protein decomposition products, for the 
formation of new protein or asparagine. But in etiolated 
seedlings of the yellow lupin (Lupinus luteus), there was 
always present a high and fairly constant amount of ma- 
terial, including arginine, preeipitable by phosphotung- 
stic acid, and this in spite of a large elaboration of as- 
paragine. 

To investigate this abnormality, he determined (with 
Winterstein, 300) the arginine content of the total pro- 
tein of lupin seeds by the usual Kossel-Patten procedure, 
and then (with Castoro, 295) the arginine content of the 
seedling sap at various stages of growth, the same proce- 
dure being applied after a preliminary treatment necessi- 
tated by the complex nature of the other products pres- 
ent. The data given below show that the amount of 
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TABLE 19. 
(Proin Schulze, 279.) 


Lupinus luteus Per 100 g. of ungerminated seeds without testas 

Seedlings 



Unger- 

minated 

6-day 

15-day 

o 

grown 14 
days in dark 


seeds with- 

etiolated 

etiolated 

and then 10 


out testas 

seedlings 

seedlings 

days in light 


9- 

9^ 

9^ 

9- 

Total weight . . . 

.... 100 

95.02 

77.20 

82.22 

Protein-N 

. . . . 8.72 

5.49 

1.71 

1.78 

Asparagine-N . 

— 

1.16 

4.02 

5.09 

Basic-N 

.... 0.46 

0.97 

1.22 

1.03 

Eest-N 

. . . . 0.16 

1.72 

2.39 

1.40 

Total-K 

. . . . 9.34 

9.34 

9.34 

9.34 


arginine in the sap was never in excess of that which 
must have been formed by primary protein decomposition. 

Per 100 g. of decomposed protein : 

The 6-day seedlings contained 6.31 g. arginine 
The 11-day seedlings contained 6.32 g. arginine 
The 15-16-day seedlings contained 6.70 g. arginine 
100 g. seed protein contained 6.9 g. arginine 

Schulze stated specifically that the arginine values for 
the seedling saps were to be regarded only as minimal, 
and that he quoted the above-mentioned value for the seed 
protein itself only because it was determined under com- 
parable conditions. A second analysis which he made, 
with Castoro, of the total protein of lupin seeds (pre- 
pared by Eritthausen’s method of extraction with dilute 
aqueous soda) gave 7.86 per cent arginine, while a recent 
analysis of the total extracted globulin made in my labo- 
ratory by Dr. Tristram gave 11 per cent arginine, so that 
the true balance was probably not as close as that sug- 
gested by the figures given above, and sufficient excess of 
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“SS'clai^ Witt -g-d " ’'(nrH?- 

SEB:strEs»S 

fvv Asirhas shown that, in the sap of more mature 
olants mucli of the basic nitrogen is of unknown composi- 
tion Mothes found, however, that the basic nitrogen of 
STnewiy f ormed pUin was less than prefomed m 

tte seed?, that the total «-= 

linp- did not change appreciably, and that theretore t e 
r>mftent of free base in the sap depends on the rate of re- 
utilisation for protein synthesis. His results vaned some- 
what from plant to plant, but in no case could arginme 
r^lesis be^ demonstrated, and in certain J ^ ^ 
Picea excelsa, the secondary conversion of base to as- 
mraeirwas clearly shown. Furthermore, feeding the 
LedLgs with ammonium salts gave the .^^s® in 

asparagine; Mothes concluded therefore that, in conifers 
arginine is a valuable and specific reserve substance that 
can be further metabolised if conditions demand._ Klein 
and Taubock (118a) report sMar 

seedlings of Pmus pinea, which showed little or no wiisa 
KSginine in spite of the fact that nearly the whole 

amount of this base present ."J 

combined in protein) was rapidly liberated in free torm. 
Moreover the normal seedlings, studied over a period of 
60 days, showed no evidence of arginine synthesis. 
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5. The Decomposition of the Beserve Proteins on 
Germination. 

It will be recalled that Hartig (p. 6) in 1858 was the 
first to suggest that, on germination, the reserve proteins 
of the seed were broken down to provide soluble nourish- 
ment — “Gleis” — ^for the growing parts, and that this 
view was accepted later by Pfeffer, who pointed out that, 
in so far as nitrogenous material was concerned, “Gleis” 
was asparagine. Following von Gorup-Besanez’s discov- 
ery in 1874 of proteolytic enzymes in vetch seeds, there 
was general agreement that the breakdown on germina- 
tion was due to these agents, but Pfeffer’s hypothesis, 
which held the field at this time, so stressed the impor- 
tance of asparagine in protein metabolism that the fac- 
tors which control the actual protein breakdown itself, as 
distinct from what was regarded as a concomitant elabo- 
ration of asparagine, do not appear to have been consid- 
ered. 

Schulze first discussed this question in his paper of 
1880 (270). Accepting Borodin’s modification of Pfeffer’s 
hypothesis, which related protein regeneration from as- 
paragine to the amount of physiologically active carbohy- 
drates (glucose) present, he was able to show that the ex- 
tent of protein breakdown during seedhng growth was 
controlled in part by the quantity of reserve carbohydrate 
or fat present (cf. tables 10, 11, p. 33). He recalled, how- 
ever, an observation to which he had already drawn at- 
tention in 1876, namely, that in the initial stages of ger- 
mination rapid breakdown of protein occurred even when 
much carbohydrate was still present (cf. p. 17 and 
table 3). This puzzled Schulze, who returned to the ques- 
tion repeatedly in his later papers. In 1898, for instance, 
when he reviewed (279, 280) at great length the position 
of carbohydrate in protein regeneration from the stand- 
point of his new ideas on asparagine synthesis, he could 
still provide no satisfactory explanation. He was able to 
quote many new experiments showing that in the later 
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stages of seedling growth (either in the dark or, if in the 
light, before extensive leaf development) the extent of 
protein breakdown, and incidently of asparagine accumu- 
lation, was conditioned by the nutritive (carbohydrate or 
fat to protein) ratio. Yet in the early stages of growth 
this could not apply, and he quoted the behaviour of yel- 
low and white lupins, which contain the same reserve pro- 
tein and nitrogen-free material but in very unlike ratios. 
After six days’ growth in the dark, the extent of protein 
breakdown was almost the same in both cases. 

TABLE 20. 

(From Schulze, 279.) 

Per 100 g. of ungermi- 
nated seeds without 
testas 

Lupinus Lupinus 
luteus angustifoUm 


9 - 9 - 

Protein 52 37 

N~free reserves (carbohydrate and fat) ....... 24 46 


Since, in the early stages of germination, physiologi- 
cally active carbohydrate would never be lacking, he was 
forced to conclude that such substances could not protect 
the proteins from decomposition. 

This question had also been discussed from a slightly 
different point of view three years before by Prianischni- 
kow (222, 223), in a summary of the results of work car- 
ried out in Schulze’s laboratory. Vetch seeds, which con- 
tained a higher nutritive (nitrogen-free reserve : protein) 
ratio (1.5:1) than lupin seeds (0.45:1), had been germi- 
nated in the dark and complete analyses made at regular 
intervals. 

The comparison with Schulze’s results for the lupin 
(table 12) is instructive, for the vetch seeds contained 
abundant starch and this, on germination, was converted 
in part (so Prianisehnikow states) to sucrose. In agree- 
ment with Schulze’s findings, the breakdown of protein in 
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TABLE 21. 

(From Prianisciinikow, 223.) 


Seeds of Vida sativa germinated 

in the dark Per 100 g. of ungerminated seeds 


Number of days^ growth 

0 

10 

20 

30 

40 


Sf- 

9- 

9- 

9- 

9- 

Protein 

28.50 

15.28 

10.60 

8.84 

8.86 

Asparagine 

(0.32) ? 

5.54 

7.86 

8.77 

9.92 

Amino acids 

(2.52) ? 

7.63 

10.19 

10.90 

10.57 

Nitrogenous bases 

2.25 

3.52 

2.62 

1.55 

1.50 

Starch 

37.82 

17.44 

9.93 

3.94 

2.59 

Soinble carbohydrate 

5.59 

8.75 

7.67 

6.27 

4.05 

(glucose therein) 

0 

(2.43) 

0 

0 

0 

Ether extract 

0.80 

1.31 

1.20 

1.11 

1.07 

Ash . . . . 

3.27 

3.27 

3.27 

3.27 

3.27 

Crude fibre — 

6.64 

7.70 

9.15 

9.65 

10.98 

Hemicellulose 

4.70 

5.25 

5.80 

6.10 

6.40 

Total loss of solids (respiration) 

0 

15.95 

24.26 

30.86 

34.09 


92.41 

91.67 

92.55 

91.26 

93.30 

Undetermined 

7.59 

8.33 

7.45 

8.74 

6.70 


the vetch seedlings was less intense than in those of the 
Inpin, and Prianischnikow pointed out the analogy with 
the known protein-sparing action of carhohydrates and 
fats in the animal body. But in spite of the large reserve 
of various carbohydrates, protein breakdown in the early 
stages had been very rapid. He thought that this might 
occur because certain of the seed reserve proteins were 
more readily attacked by the enzymes than others ; alter- 
natively, it was possible that protein decomposition de- 
pended on the total amount of protein present, so that 
when this was large, as in the early stages, the decomposi- 
tion would be more intense. Prianischnikow was suggest- 
ing here — ^in elementary terms — ^the “mass action” hy- 
pothesis recently formulated by Paech (200) to explain 
the regulation of protein decomposition and synthesis in 
plant cells. 

Paech claims that his general conclusions are appli- 
cable to all parts of the plant at all stages of growth, and 
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they are thus pertinent to the present discussion on seed- 
ling metabolism. They are of especial importance, how- 
ever, in studies of the protein metabolism of leaves and, 
as most of his evidence is drawn from experiments with 
these organs, it will be more appropriate if I defer a full 
discussion of his hypothesis until Chapter XI. Neverthe- 
less, he made two interesting experiments with seedlings, 
and as the conclusions to be drawn from them throw 
considerable light on the question both Schulze and Pri- 
anischnikow found difficulty in explaining, namely, the 
factors that control the breakdown of protein in the early 
stages of seedling growth, it will be convenient to give a 
short account of them here. 

From an extensive review of the literature and from 
certain of his own experiments with leaves, Paech put 
forward the hypothesis that in plants the control of pro- 
tein in the intact cell towards synthesis or decomposition 
is not determined by the nutritive ratio (Schulze) or by 
the amount of protein present (Prianischnikow), but 
takes place through the amounts of chemically active car- 
bohydrates (monoses*) and active nitrogen (ammonium 
salts, amides and to a lesser extent amino acids and 
bases), so that an increase or decrease of the component 
present in lesser amount will bring about equivalent pro- 
tein changes. Large amounts of monoses* and active ni- 
trogen can thus never be present together in the same cell 
or within the same sphere of reaction. 

His interpretation of protein decomposition in seed- 
lings is as follows. On germination, the activation of the 
enzymes produces monoses and active nitrogen com- 
pounds from the reserve carbohydrates and proteins re- 
spectively. The growing parts exert the same “attractive 
force” on the soluble nitrogen compounds as they are 

• As I show in Chapter XI, Paeeh’s assumption that monoses may be 
a component of such a system is incorrect. The nitrogen-free products 
* concerned — ^possibly a-ketonic acids — ^must be in nearer chemical rela- 
tion with the amino acids than are the sugars. Such products, neverthe- 
less, might, in some cases, be readily metabolised from glucose, and this 
would appear to be so in the two experiments about to be described. 
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known to do on water, mineral salts and soluble carbohy- 
drates, so that both the monoses and active nitrogen com- 
pounds are drawn away from the reserve organs. In the 
case of wheat seedlings, the carbohydrates greatly pre- 
dominate, so that the small amount of active nitrogenous 
compounds (the lesser component in terms of his hy- 
pothesis) is swept out of the endosperm with the larger 
amount of monoses, and this leads to continued protein 
decomposition. To illustrate this point, wheat grains, the 
proteolytic enzymes of which are known to become active 
within 24 hours of soaking, and to remain so during ger- 
mination, were soaked in nitrogenous nutrient solutions 
for 24 hours and then grown for 4 days in the dark on 
blotting paper soaked in the same solution, controls being 
similarly treated with water. The embryos and remainder 
of the grains, without the testas, were analysed separately. 

TABLE 22. 

(From Paech, 200.) 

Etiolated seedlings of 


Triticum sativum After 5 days’ growth 


I ^ 

In 100 grains 

without embryo In 100 embryos 

Nutrient solution Protein-N Soluble-N Protein-N Soluble-N 

mg. mg. mg. mg. 

fH,0 35.7 12.4 23.38 14.78 

1 0.5% NaNO. 47.3 16.7 25.82 27.44 

(HjO 33.98 13.4 21.97 12.28 

1 0.5% urea 45.66 31.66 23.91 41.66 


The demand of the growing parts for active nitrogen 
being now in part satisfied from other sources, the call on 
the endosperm was reduced and the protein decomposi- 
tion therein was cheeked. The protein level in the wheat 
endosperm therefore, which is rich in carbohydrate, 
really depends on the nitrogen requirements of the em- 
bryo, for GodlewsM (87) showed that feeding with glu- 
cose brought about no change. 
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With low-earhohydrate seeds such as lupins, different 
conditions apply. Here the minimum component will be 
the monose derived from the small amount of insoluble 
carbohydrate reserves, and in this ease it is an alternative 
source of active monose which should depress the protein 
decomposition in the cotyledons. 


TABLE 23. 
(From Paech, 200.) 


Etiolated seedlings of 
Lupinusalhus 


After 14 days^ growth 


Cotyledons of 
6 plants 


Axial organs of 
6 plants 


Protein-N Soiuble-N Protein-N Soluble-N 


mg. 

N-free nutrient solution 19.82 
N-free nutrient solution 
-[“3% glucose ..... 46.82 


mg. 

mg. 

mg. 

23.72 

12.82 

81.54 

36.01 

11.98 

49.67 


Seeds of the white lupin were germinated in water until 
the rootlets were about 1 cm. long, then transferred to 
nitrogen-free nutrient solutions, or nitrogen-free nutrient 
solutions with added glucose, and grown for 14 days in 
the dark. The results were as expected ; the young plants 
which could obtain the major part of their carbon require- 
ments through the roots demanded less from the coty- 
ledons, and the extent of protein breakdown therein was 
much reduced. The enormous protein conversion in lupin 
seedlings therefore, which becomes very active even in the 
earliest stages, is due to the fact that the small amount of 
monose produced from the very limited carbohydrate re- 
serve is rapidly translocated out of; the cotyledons to the 
growing parts. 

It would appear that Paech’s views which, in effect, 
make the translocation stream responsible for the nitro- 
gen metabolism between organs, are in harmony with the 
observations of earlier worj^rs on protein decomposition 
in seedlings. 
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6. Protein Begeneration in Seedlings. 

Sclmlze’s later views ontHs question, wMch. were based 
on bis new concept of tbe secondary production of aspara- 
gine nitrogen and glutamine nitrogen from amino acids, 
brought bim into mucb closer agreement with Pfeffer and 
Borodin tban be bad been at any time since tbeir so-called 
bypotbesis bad been first formulated. These views were 
first set forth in 1898 (279, 280) and were again given, 
with but little change, in 1900 (281), 1903 (294), 1906 
(285) and 1911 (286). 

Tbe amino acids and (possibly) tbe amides resulting 
from protein decomposition in the endosperm or cotyle- 
dons were transported, together with soluble carbohy- 
drates, to tbe growing parts. There tbe amino acids un- 
derwent a secondary conversion to provide nitrogen for 
tbe elaboration of asparagine or glutamine, both of which 
substances were then used — ^in amount depending on tbe 
available carbohydrate (glucose) present — ^to regenerate 
protein. In conformity with bis earlier views (cf. p. 23), 
be was stiU prepared to admit that tbe amino acids them- 
selves, probably without tbe aid of glucose, might also 
take part in protein synthesis, but, for tbe many reasons 
set forth below, be did not now consider that this was a 
normal procedure. 

In etiolated seedlings tbe growing parts contain a small 
and steadily duninisbing amount of certain amino acids, 
but in proportions which are usually very different from 
those characteristic of tbe hydrolysis products of the seed 
reserve proteins (281). This was due to tbeir secondary 
conversion, at rates characteristic of each particular 
amino acid, and of tbe plant species, to give asparagine 
(or glutamine). Tbe same bolds for seedlings that are 
grown in tbe light, tbe disappearance of tbe amino acids 
from tbe growing parts being, in tbe later stages (of seed- 
ling growth), even more marked (294). In this ease, how- 
ever, protein regeneration will eventually predominate, 
but even so there may be, at tbe same time, a simultane- 
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ous increase in the content of asparagine (cf. table 9, and 
pp. 22-24). It might be thought that the amino acids 
were being directly utilised here for protein s^thesis, 
but in Schulze’s opinion (contrary to his earlier view) the 
evidence for this was not clear, even though he had him- 
self shown (282, 283) that leucine and tyrosine could 
serve as nitrogen sources for the growth of higher plants, 
and Treboux (324) had brought forward confirming evi- 
dence. If, on the one hand, asparagine be the chief and 
perhaps the only nitrogen containing substance (in the 
ease of seedlings gemdnated without external supplies of 
nitrogen) used for protein regeneration — ^wHch was the 
view he now held — ^then some physiologically active nitro- 
gen-free substance such as glucose would also be required 
for this purpose. That protein regeneration from these 
two products could actually take place, e.g. when etiolated 
seedlings were exposed to the light, had been abundantly 
verified by many experiments since the time of Pfeffer 
and Borodin (ef. table 8, stage 3). If, on the other hand, 
regeneration can be brought about directly from amino 
acids such as leucine or tyrosine, then other relationships 
must hold and nitrogen-free material such as glucose 
would either not be required, or, if so, then only in smaller 
amount. Yet all the available evidence showed that pro- 
tein regeneration did not take place at all readily except 
in the presence of soluble carbohydrates and was most 
active in organs such as leaves which are rich in these 
substances. In his opinion, therefore, the amino acids un- 
derwent a secondary change to provide asparagine (or 
glutamine) prior to the regeneration of protein. 

In support of this view he drew attention to his experi- 
ments with Castoro (294). In white lupins germinating in 
the light, there is an enormous conversion of protein ni- 
trogen to asparagine nitrogen during the first 14 days’ 
growth (cf. pp. 55, 56). This asparagine must be used 
later for the regeneration of protein in the developing 
plant (cf. table 27, in which the observed period was 28 
days) and appropriate analyses showed that, while the 
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leaflets were rieh in protein but relatively poor in aspara- 
gine and other soluble nitrogenous products, the stems, 
which must supply the material used for protein synthesis 
in the leaflets, were extremely rich in asparagine. Many 
similar analyses quoted by Schulze and also- by Prian- 
ischnikow confirm the high asparagine content of peti- 
oles and stems. 

TABLE 24. 

(From Schulze and Castoro, 294.) 

14-day seedlings of 


Lupinus albus In percentage of dry weight 

grown in light Cotyledons Plumules Stems Roots 

Total-N 8.83 6.57 6.77 5.40 

Protein-N 2.44 4.11 1.56 1.87 

Asparagine-N 3.73 1.41 4.48 2.17 


Other soluble-N (diif.) .... 1.66 1.05 0.73 1.36 

It was the undoubted ease with which all, or nearly all, 
of the amino acids arising from the breakdown of the re- 
serve proteins can undergo a secondary change to provide 
nitrogen for asparagine (or glutamine) synthesis and the 
absence, or virtual absence, of many of these amino acids 
in those (new) parts of the plant wherein protein synthe- 
sis must take place (281, 294), which led Schulze in 1898 
(280) to change the views he had previously held and to 
suggest that asparagine (or glutamine) was more suit- 
able for protein synthesis than amino acids because it was 
more easily available for this purpose. He considered that 
his experiments on the ripening of seeds, to be discussed 
later, supported his new contention; in addition, he 
pointed out that the chemical constitution and properties 
of these two amides marked them out as material much 
more suitable for translocation of the nitrogen required 
for protein synthesis than the direct decomposition prod- 
ucts, such as leucine and tyrosine, themselves (281). 

Schulze thus came to regard asparagine (and gluta- 
mine) production as the first phase of protein regenera- 
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j." o-n /1 iftQft ^^279 280), li6 put forward a new inter- 

prtaao;“f »e a ealker ?xperin.ents with yeUow 
lupins (of. pp. 22-24). 

TABLE 25. 

(From Schulze 268 and 279.) 

In percentages of total nitrogen 

Luptnus luteus Seedlings 

SeedUngs kept in the 

which had dark for 10 days 

been kept in the then exposed to 

dark for 10 days light for 3 weeks 

25.2 33.2 

Protein-N 42.0 

He had previously held ftat the “»«X'Xr°‘sotaWe 
trogeu had taken place at the expense of the other soluble 

nitrogenous products (aimo acids) 

considered that this conclusion was not vahd. it was as 
naraffine itself which had been utilised in protem forma- 
tion ?nd in this particular case the effect on the nitrogen 
pSition had been masked by the fact that the first pMse 
If protein regeneration (the conversion of ammo acids to 
prmtide asparagine) had been more active than the sec- 
Ld (the eo^delsation of asparagine and g^icose to give 
protein), due to the limited supplies of the latter sub- 
IZee aWlable. He considered that the experiment sup- 
ported his contention that asparagme production from 
amino acids was dependent on the state of development of 
the plant. Etiolated seedlings often_ contained more as- 
par^ine than those growing in the light, but ai the same 
lag! the ratio of asparagine nitrogen to other soluble 
(amino acid) nitrogen was always greater in the latter 
case. This was because the obligatory metabolic processes 
proceed more rapidly in plants growing under normal 
conditions, so that the conversion of ammo acids to pro- 
vide asparagine nitrogen (or glutamine nitrogen) tor 
subsequent protein regeneration was encouraged. 
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In none of the above-mentioned summaries of bis views 
does Sebulze discnss tbe meebanism of protein regenera- 
tion from asparagine and glncose. There is no doubt, 
however, that be regarded asparagine and glutamine as 
vehicles for tbe nitrogen requirements of protein synthe- 
sis and as from 1888 onwards be bad considered that tbe 
final stage in tbe secondary conversion of amino acids to 
asparagine might be a condensation of ammonia with 
succinic or mabc acids, it is pertinent to recall bis early 
statement of 1878 (cf. p. 23) that if asparagine could be 
used in protein regeneration it would first be broken down 
to one or other of these acids and ammonia, the latter be- 
ing used subsequently in synthetic processes. Such views, 
if be held them in 1898, would antedate Prianiscbnikow’s 
a and CO hypothesis (see p. 103) by many years; I doubt, 
however, if this were actually the ease, for he did not again 
refer to his statement of 1878 in any of his later publica- 
tions, and to those at all familiar with his work this can 
be taken as proof either that he had forgotten it, or, as is 
more likely, that in Ms maturer judgment he regarded 
the whole question as too highly speculative to warrant 
serious discussion. 

While admitting that Schulze’s insistence on the avail- 
ability of asparagine (or glutamine) for synthetic pur- 
poses was justified by many observations, including Ms 
own, since the time of Pfeffer, and that it is in keeping 
with our modern views on the intermediary role of am- 
moMa in protein metabolism, I cannot agree with the con- 
tention, which his later statements definitely imply, that 
anaino acids, if available for the purpose, would not be 
used directly for protein regeneration as readily as these 
two amides themselves. I am inclined to tMnk that the 
overriding importance which he attached to these latter 
substances in this connection can be traced to Ms inability 
to appreciate the full physiological significance of the 
secondary conversion of amino acids to ammoma. This 
change, which in his later years he agreed was an oxida- 
tion, was to him notMng more than a link in the chain of 
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reactions by means of wbicb protein in one part of the 
plant was transported to another. 

en- oxi- organic glu- 

zymes dation acids cose 

Protein Amino acids -» NHj ->■ Asparagine ^ Protein 

In other words he was nnable to escape completely from 
the influence of the old Pfeffer hypothesis, which, in his 
early working years, had so completely dominated all 
views on protein metabolism in the plant. Aspara^ne 
production was the first phase of protein regeneration, 
and he (281) opposed the idea, first stated in defiLnite 
terms by Prianischnikow in 1899 (225), that the second- 
ary conversion of amino acids to ammonia might be due, 
in certain cases, to metabolic processes (e.g. respiration) 
quite unconnected with protein regeneration. 

This new suggestion of Prianischnikow was formulated 
in 1895 soon after his return to Moscow from Schulze’s 
laboratory. He recalled Boussingault’s earlier view that 
asparagine production in the plant was analogous to urea 
production in the animal body (cf. p. 4), both being due 
to the “burning up” of protein; he had also noticed an 
early paper by Laskowsky (132) showing that a rise in 
the temperature of germination, which was known to in- 
crease the rate of respiration, led to increased asparagine 
accumulation in the seedlings. Suspecting that there 
might be some intimate connection between asparagine 
formation and respiration, Prianischnikow, during the 
next four years, carried out a comprehensive series of ex- 
periments to throw more light on the subject. 

Seeds of the pea (Pisum sativum), broad bean (Vida 
Faba) and the yellow lupin (Lupinus luteus) were germi- 
nated in the dark and samples taken at frequent intervals 
for analysis (225). The daily rates of protein decomposi- 
tion and of asparagine accumulation were then calcu- 
lated, and it was found that both reached a maximum at 
about the same time (7-9 days). At a later stage, the rate 
of protein breakdowm fell much more steeply than did 
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that of asparagine accumulation, and from this observa- 
tion Prianischnikow inferred that asparagine was then 
being produced, in part, from other soluble nitrogenous 
products present, namely, the amino acids which had been 
derived from the primary breakdown of the reserve pro- 
teins. Figure 1, taken from one of his later summaries 
(230), illustrates these points. 



He had also measured the daily output of carbon diox- 
ide. This remained high throughout, and actually reached 
its maximum some days later than the other two factors 
mentioned above. Since the respiratory quotient varied 
somewhat throughout the experiment, he could not be cer- 
tain (in 1899) that the conversion of the amino acids to 
asparagine (really the transfer of nitrogen from the 
former to the latter, as he was careful to point out) was 
necessarily an oxidation, but the observation strength- 
ened his surmise that the asparagine production might 
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have been the result of metabolic processes wMch bad no 
direct connection at all with protein regeneration. That 
these processes were connected with respiration rather 
tbflTi with growth was the inference he drew from his 
repetition (227) of Laskowsky’s experiments. Samples of 
S-day-old seedlings were placed in incubators kept at 20°, 
28° and 34-36°, respectively, and grown for a further 5 
days in the dark. The most favourable temperature for 
growth was 28°, whereas the energy of respiration and 
the rates of both protein decomposition and asparagine 
production increased with rise of temperature to 36°. 

TABLE 26. 

(From Prianisclinikowj 227.) 

In percentages o£ total 
seedling-N 

At 20® At 28® At34r~S6® 

Protein-N decomposed, per diem 1.42 3.30 4.22 

Asparagine-N formed, 0.57 1.20 1.48 

Seedlings 4 and 9 days old gave similar results, and 
Prianischnikow concluded that asparagine production 
from amino acids was due to living processes in the plant 
connected with respiration rather than with growth. As- 
paragine (and glutamine) therefore would tend to accu- 
mulate in the regions of most intensive metabolic activity, 
i.e. the growing parts. 

In his next experiment (226), seedlings of the yellow 
lupin, runner bean and pea, among others, were grown in 
the light for longer periods than Schulze had usually em- 
ployed. 

In agreement with Schulze’s findings, the extent of pro- 
tein breakdown and of asparagine production was gov- 
erned in each case by the nutritive ratio. Protein regen- 
eration became active on leaf development between the 
tenth and fifteenth days and, as in all cases except that of 
the lupin, the major loss was shown by ‘ ‘ other soluble-N. ’ ’ 
Prianischnikow, in keeping with Schulze’s original sug- 
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gestion of 1878 (of. p. 23), inferred that the regeneration 
had taken place preferentially at the expense of the 
amino acids. He queried Schulze’s later contention that 
asparagine and a physiologically active carbohydrate 
such as glucose were the more suitable raw materials for 

TABLE 27. 


(From PrianiselmikoW; 226.) 




Nitrogen figures in 

percentages of 

Seedlings growing in the light 


total seedling-N 


Lupinus luteus 





Age in days 

7 

14 

21 

28 

, Protein-N 

. . 37.67 

52.01 

68.77 

70.00 

' Asparagine-JST 

. . 30.35 

21.86 

13.56 

12.92 

Other solnhle-hT (diff.) 

. . 31.98 

26.13 

17.67 

17.08 

Phaseolus multiflorus 





Age in days 

0 

7 

14 

21 

Protein-ET 

. . 82.68 

52.6 

68.22 

73.60 

Asparagine-N 

3.65 

11.2 

7.77 

8.52 

Other soluble-N 

.. 14.77 

36.2 

26.01 

17.88 

Pisum sativum 





Age in days 

0 

10 20 

30 

40 

Protein-ET ................. 

. . 81.86 

52.37 80.53 71.21 

73,54 

Asparagine-Er .............. 

. . 5.58 

13.50 12.44 10.98 

11.88 

1 Other soluble-N (difif.) ...... 

. . 12.56 

34.13 7.03 17.81 

14.58 


this purpose; Seliwanow (306) had confirmed Schulze’s 
own original observation (p. 34) that both these products 
were present in potato tubers and many similar occur- 
rences could be cited. He also called attention to the fact 
that no case was known in which the feeding of glucose to 
etiolated seedlings had favoured protein regeneration. 
(Paech’s observation, table 23, p. 70, is in keeping with 
this contention, and according to his hypothesis it is at- 
tributable to a reduced flow of active nitrogenous com- 
pounds from the seed reserves.) 

Finally, in confirmation of his view that protein regen- 
eration could take place from amino acids, even to the ex- 
clusion of any asparagine present, he repeated and con- 
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firmed Zaleski’s (367) observation that, if bulbs of the 
onion {Allium eepa) were allowed to sprout over dis- 
tilled water in the dark, an increase in protein nitrogen 
took place, preferentially at the expense of the amino 
acids. The following refers to a similar but later experi- 
ment of Zaleski and Shatkin (370), in which the amino 
nitrogen was determined by Van Slyke’s method. 

TABLE 28. 

(From Zaleski and Shatkin, 370.) 


Bulbs of Allium eepa 

In percentages of total-N 


Control 

Grown for 25 days 

Protein-N 

44.4 

63.4 

Peptone-N 

11.0 

9.0 

Ammonia-N 

4.5 

3.0 

Amide-N 

11.4 

10.7 

Basic-N 

3.5 

2.7 

Monoamino-N 

26.0 

10.0 


Incidentally, it may be mentioned that the nitrogen 
(and other) changes taking place during the forcing of 
these bulbs have been recently investigated in much 
greater detail by Eahn (237).* At the beginning of 
growth the inner scales lose protein more rapidly than 
the outer scales ; the soluble nitrogen also falls rapidly, so 
that all the hydrolysis products are taken up by the young 
leaves. Examination of the soluble nitrogen shows that 
the a-amino nitrogen (Van Slyke) disappears completely 
from the inner scales in two weeks and, during the same 
period, falls to two-fifths in the outer scales. On the other 
hand, the amide nitrogen falls slowly in both cases (fig. 2) . 
Eahn concluded that, as in seed germination, the a-amino 
nitrogen is the important factor in translocation to the 
growing parts (leaves), where it is used for protein re- 
generation. 

Prianischnikow’s final conclusion in 1899 was that as- 

• Tie various titration methods used by Rahn to fractionate the 
water-soluble nitrogenous products have been recently criticised by 
Richardson (241). 

# 
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paragine and glutamine, in so far as they arose from the 
secondary conversion of amino acids, were to be regarded 
as nothing more than by-products of metabolism which 
serve as a storage of nitrogen, although, under favourable 
conditions, they could contribute, as readily as the amino 



Fig, 2 . From Eahn^ 237, inner scopes onter scales. 


acids themselves, towards protein regeneration. The ac- 
cumulation of asparagine in leaf petioles, therefore, was 
due to the fact that the substance was not immediately 
required for this purpose. This view he maintained in the 
face of Schulze’s criticisms (281) and interpreted the lat- 
ter’s own lupin data (table 9, p. 24) accordingly. In his 
opinion, the protein regeneration in these seedlings had 
taken place chiefly at the expense of the amino acids — 
which were still being produced by decomposition of the 
cotyledon reserve proteins — and the concomitant increase 
in asparagine took place since the metabolic processes in- 
volving the production of ammonia from amino acids 
were still very active, in spite of the onset of photosyn- 
thesis. 

I shall discuss in Chapter IV the able manner in which 
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Prianiselmikow was later to develop the concept that 
plants avoid the toxic action of ammonia — ^whether pro- 
duced from the metabolism of amino acids or whether 
supplied from external sources — ^by elaborating aspara- 
gine (or glutamine), and that ammonia is the a and a of 
protein metabolism, for, via amino acids, it is the neces- 
sary precursor of protein synthesis as well as the end- 
product of protein degradation (cf. pp. 98 et seq.). 

In retrospect, the conflict between Prianischnikow and 
Schulze on the question of protein regeneration in seed- 
lings appears to have been nothing more than a differ- 
ence of opinion as to the “availability” of various prod- 
ucts for this purpose, and the undoubted bias that Schulze 
had in favour of asparagine can be traced to his frequent 
choice for experimental purposes of lupins, in which the 
protein conversion to give this amide is phenomenally 
large. In judging them, we must remember that at the 
time (1900) not only were current ideas of protein struc- 
ture, and therefore of possible mechanisms of protein 
synthesis, still rudimentary (the peptide hypothesis was 
enunciated in 1903), but the amino acid composition of the 
proteins of the growing parts — especially of the leaflets — 
was as yet imknown, so that neither investigator was in a 
position to consider the question of protein regeneration 
in relation to amino acid requirements. During recent 
years, however, my colleagues have provided us with a 
number of leaf protein analyses (tables 49 and 53, Chap- 
ters VI and VII) and within certain specified limits it is 
now possible to review the earlier data of Prianischnikow 
and Schulze from such a standpoint. 

For a valid correlation of the changes involved it is 
necessary to know at each stage the amount of protein 
that remains in the cotyledons, and the amount synthe- 
sised in the new growth (which wiU include an increasing 
proportion of leaves). Unfortimately, Prianischnikow did 
not make separate analyses of the cotyledons and new 
growing parts of his seedlings, and I can only assume, 
since external sources of nitrogen were exclude^ that the 
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major part of the reserve protein had been decomposed 
within the first 10-15 days. I shall also assume that pro- 
tein synthesis takes place by repeated condensation of 
amino acids to form peptide chains, and that the required 
amino acids are either already available as decomposition 
products of the seed reserve proteins or can be readily 
synthesised, according to the general schema (reaction 6) 
discussed in Chapter V, from a-ketonic acids and “avail- 
able” ammonia, the latter being provided by an excess of 
asparagine, glutamine or any amino acid present. 

Let us consider first of all Prianisehnikow’s experi- 
ments with pea seedlings, which he regarded as note- 
worthy in that protein regeneration (somewhat irregu- 


TABLB 29. 


Amino acid analyses of certain seed and leaf proteins. 
{Figures given are in percentages of protein.) 



Pisum 


sativum 


(1) 

Ammonia 

1.9 

Aspartic acid 

5.1 

G-lutamie acid 

18.1 

Arginine 

9.5 

Histidine 

2.0 

Lysine 

4.8 


Seed proteins 


Fhaseolus 


multir- 

Lupinus 

florm 

luteus 

(2) 

(3) 

1.69 

2.75 

5.2 

9.4 

14.5 

23.8 

4.9 

11.0 

2.6 

2.0 

4.6 

2.3 


Leaf proteins 


Medi- 

Phaseo- 

lus 

Tri- 

cago 

multi- 

folium 

sativa 

florus 

repens 

(4) 

(5) 

(6) 

1.07 

1.11 

1.17 

7.6 

8.4 

7.6 

11.8 

12.0 

11.8 

8.0 

7.9 

8.1 

1.5 

1.6 

1.8 

6.2 

5.4 

5.8 


(1) According to Osborne and Canapbeil (191) tbe three constituent 
proteins legumelin, legumin and vieilin are present in the ratio 2:5:5. 
The analysis quoted is a composite one from those of Osborne and 
Clapp (192) and Osborne and Heyl (195). 

(2) Phaseolin. It represents only a fraction of the total seed protein 
(Osborne and Clapp, 193). 

(3) Conglutin represents 80% of the total seed protein (Osborne and 
Campbell, 190). New analysis recently obtained in this laboratory by 
Dr. Tristram. 

(4) and (6) from table 53; (5) from table 49. 
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lar due to uneven leaf development) took place almoet 
exclusively at the expense of the ammo acids. Here the 
seeds contein a fairly large reserve of 
that the obligatory metabolic processes connected with 
e.g. respiration will not call for a strong conversion of 
amno acids to ammonia and hence will not lead to much 
asparagine production. If we compare the ammo acid 
composition of the total protein present m the cotyledons 
with that of the protein present in a typical leguminous 
leaf-and the major part of the protein regeneration 
must take place in the latter organs— we see at once that 
the breakdown of the former protein will promde bases 
and aspartic acid (or asparagine) m proportions ve^ 
close to those required for direct parhctpaUonm protein 
regeneration. Glutamic acid (or glutamine) will be pro- 
duced in greater amount than required for this purpose 
and the excess may very well contribute towards aspara- 
gine formation (cf. p. 95). Within the limits set by the 
few amino acids that can be legitimately considered in 
this connection therefore, it is apparent that protein re- 
generation can take place in large part without calling m 
the aid of “available ammonia,” so that the asparagine 
produced by metabolism of certain of the prinaary de- 
Lmposition products should remain more or less_ un- 
changed in amount. This is in agreement with Prianiseh- 
nikow’s experimental data. 

According to Osborne, the seeds of the broad bean 
(Vida Faha) contain three proteins similar to those of 
the pea; Prianischnikow’s observation therefore that in 
these seedlings very little protein regeneration was ap- 
parent after 40 days’ growth, although there was a small 
increase in asparagine, can be interpreted in a similar 
way. Protein breakdown in the cotyledons was balanced 
by protein regeneration in the leaves and the amino acids 
promded by the former operation were in large part uti- 
lised direcii?/ in the latter. 

In the case of the runner bean {Phaseolus mumflorus)^ 
the conditions were sHghtly different. The excess glu- 
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tamio acid miglat, as before, be metabolised to asparagine, 
bnt in addition 3 units of arginine (12 units of arginine 
nitrogen) must be provided for the protein regeneration. 
There will be a definite call therefore on the ‘‘available 
ammonia” and the content of asparagine should slowly 
fall. Again this is in keeping with Prianischnikow’s ex- 
perimental data. 

Lastly, we have the case of Prianischnikow’s and 
Schulze’s lupin seedlings. These seeds contain very little 
carbohydrate reserve, so that the obligatory metabolic 
processes will bring about a large conversion of amino 
acids to asparagine. For this purpose there is an excess 
of arginine (rich in nitrogen) and a larger excess of glu- 
tamic acid. During regeneration 3 urdts of lysine (6 units 
of lysine nitrogen) must be synthesised and there will be 
again a steady call on the “available ammonia.” Thus, 
within the limits that I have already mentioned, it seems 
to me that Schulze’s views can be brought into harmony 
with those of Prianischnikow — which are undoubtedly 
correct — ^if we consider protein regeneration noi only in 
terms of amino acid availability hut also in terms of 
amino acid requirements. 

In the foregoing discussion on protein regeneration, I 
have given full weight to the views of Schulze and Pri- 
anischnikow, for their conclusions were based, in large 
part, on evidence derived from actual experiments with 
seedlings. I have not attempted to introduce modem 
views on the mechanisms of biological synthesis, degrada- 
tion and interconversion of amino acids, based — and I 
should like to emphasise the point — ^to a large extent on 
experiments with animal tissues, for however straight- 
forward an explanation these might, at first sight, appear 
to give of the role of asparagine, glutamine and amino 
acids in plant protein metabolism, the issue is, in reality, 
complicated by the presence of reactive carbohydrates 
and organic acids (especially), as will appear from the 
subject matter of Chapters V, IX and X. It will be more 
convenient, therefore, to defer further discussion on pro- 
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tem metabolism in seedlings ““ JCreSd 

the present one with a summary of what can ^ 

S a modem interpretation o£ the views of Sotalse and 

Prianischnikow. 

(1) On germination, the reserve proteins ^ndergo en- 
^ ^ zymic digestion to give, as primary prodncts of hy- 

dSysis, asparagine, glutamine and the usual senes 
of aLno acids, includiug aspartic acid and glutamic 
acid if these be combined as such_ (i.e. in the un- 
amidised form) in the intact protein molecule. The 
reserve carbohydrates also undergo enzymic break- 
down to give simpler products, including monoses. 

(2) The decomposition of the reserve proteins is oon- 
trolled by the outflow from the cotyledons or endo- 
sperm, al the case may be, of either monoses ( ac- 
tive” carbohydrates) or ammo acids, etc. ( active 
ammonia), depending on which component is present 

in the lesser amount (Paech). 

(3) The primary products of reserve protein decomposi- 

^ ^ tion are transported to the growing parts, where they 

become available for protein regeneratiom _ _ 

(41 Obligatory metabolic processes, which Pnamschnr 
kow connected with respiration rather than with 
growth, bring about a secondary decomposition ot 
certain of the ammo acids, which results m the for- 
mation of asparagine, glutamine or both these amides. 

(5) Protein synthesis in the growing parts takes place at 
the expense of the amino acids translocated froru the 
reserve organs, and of the add amides resulting from 
secondary changes. 

(6) The proteins of the growing parts may have a dilter- 
ent amino acid composition from those of the reserve 
organs. Protein regeneration, therefore, m the ab- 
sence of external sources of nitrogen, may necessitate 
an interconversion of amino acids (really a transfer 
of nitrogen from one nitrogen-free acid to another), 
and this probably takes place through the agency of 
asparagine and glutamine. 


CHAPTER IV 


ASPARAGINE AND GLUTAMINE FORMA- 
TION IN SEEDLINGS 

1. Introduction. 

I N many researches dealing with amide or protein me- 
tabolism in the plant, it has been tacitly or perhaps 
unwittingly assumed that, if protein nitrogen disap- 
pears and is replaced by amide nitrogen, then protein has 
been metabolised to asparagine. This is an instance of 
loose thinking, for a little consideration will show that 
the assumption is true only of those (rare) eases in which 
it can be shown that the amides are primary products of 
protein decomposition. If the amide nitrogen be of sec- 
ondary origin, as is usual, then the assumption is, in part, 
a false one, for a demonstration that protein nitrogen has 
been transformed to amide nitrogen provides no evidence 
whatever as to the origin of the remainder of the amide 
molecule. The error, which is prevalent in the literature, 
can be traced to the universal custom of evaluating pro- 
teins and amides in terms of nitrogen, so that by degrees 
the mind becomes neglectful of the fact that both these 
products contain another element — carbon — ^whieh is of 
equal importance in plant metabolism as is the nitrogen 
itself. The nitrogen partition, which is such a convenient 
form of presentation when discussing metabolic changes, 
helps to obscure the issue, and even Schulze, who was 
generally so very meticulous in drawing conclusions from 
his experimental data, fell into the snare when challenged 
by Miiller as to the origin of the asparagine in his lupin 
seedlings. 

This point is one of great significance in certain studies 
which I shall be discussing later, for if, as we now believe, 
protein breakdown leads ultimately to ammonia and a 
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series of a-ketonic acids, the carbon skeletons of tbe two 
respective amides may indeed arise throngh furtber m^ 
S?lism of these ketonic acids, bnt may equally wel be 
derived from tbe metabolism of non-nitrogenous plant 
materials sucb as carbohydrates or fats Eecent work has 
indeed tended to emphasise this latter alternative,_and if 
it be true, we are left with the difficult task of decidmg the 
ultimate fate of the ketonic acids. I propose therefore to 
discuss both alternatives in some detail. 

2 The Oxidation of Amino Acids to Ammonia. 

We saw in Chapter II (p. 48) that while SoMae as 
early as 1888, had put forward the suggestion that the 
amino acids resulting from primary breakdown of protein 
in seedlings might undergo a secondary decomposition to 
provide nitrogen-rich residues, or even ammonia, for as- 
paragine production, and in 1892 had discussed the poss - 
bility that, in certain instances, this secondary decomposi- 
tion Wt be an oxidation, he would not accept the view 
that the amino acids normally underwent oxidation to 
give ammonia until experimental evidence in support of 
ft had been put forward soon after 1900 Pnanisehnikow 
(225), however, as we have already seen (p. 76) was naore 
filing to speculate at this period than Schulze, and, smce 
aspartgine contained two atoms of nitrogen, he inferred 
that its synthesis required, in the first place, one “olera 
of aspartic acid, which might well be a product of pri- 
mary protein decomposition, and, in the second place, one 
moliule of ammonia, which might arise through some 
deep-seated change— probably an oxidation— involving 
another amino acid; the ammonium aspartate thus pro- 
duced undergoing dehydration to give asparapne. This 
view, of course, recalls the earlier (vitahstic) specula- 
tions of Low (p. 51). j.1. • 

Prianischnikow pointed out that such a synthesis was 
analogous to the production of urea in the animal body; 
in both eases the protein first underwent digestion (hy- 
drolysis) to give amino acids, which were then conveyed 
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to other organs (in the case of the seed, to the axial or- 
gans) wherein oxidation to ammonia and subsequent syn- 
thesis, to urea or asparagine, respectively, took place. 

The main weakness of Prianisehnikow’s hypothesis was 
his assumption that the aspartic acid required for the as- 
paragine synthesis could arise through primary protein 
breaMown ; Schulze had always doubted whether, except 
in small amount, this were possible, and we now know 
that his doubts were justified. Be that as it may, the hy- 
pothesis was undoubtedly of great value, for it introduced 
for the first time without any equivocation the concept 
that asparagine production required the oxidation of 
amino acids to give ammonia, and it undoubtedly influ- 
enced researches conducted in later years which definitely 
proved it. Prianischnikow, at the time, admitted the diffi- 
culty of effecting such an oxidation in vitro, and was 
forced to rely on the evidence of Palladia (which we have 
already seen was disputed by Clausen) that anaerobiosis 
depressed asparagine formation (p. 51). Five years later, 
however, in 1904, he had no further doubts (228), for he 
was able to quote an experiment of Demjanow showing 
that the oxidation of leucine with permanganate gave 
valeric acid, carbon dioxide and ammonia. 

OH, OH, 

\!H.CH>CH (NH,) .CO,H -f- O, = '^CH.CH,.00,H + 00, + NH, 

OH^ 

He was also to refer to the work of Butkewitsch (27), 
published two years previously, showing that, in seed- 
lings anaesthetised with toluene vapour, synthetic proc- 
esses ceased but protein decomposition went on uninter- 
ruptedly, carbon dioxide was released and ammonia ac- 
cumulated instead of asparagine. 

This latter evidence convinced Schulze that the break- 
down of amino acids could give ammonia, but he was still 
unconvinced that the process was necessarily an oxida- 
tion. He agreed (285) that guanidine, which he had found 
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some years before in seedlings of the vetoh (275), might 
W^orldation product of arginine hut many untaow 

bases were present in most of tbe seedling extracts be bad 

examined, mid he thought it possible that some of ^these 
St ari^e by simple decarboxylation, as they clearly did 
when the amino acids were acted on by bacteria. Accord- 

table 30. 

(Prom Butkewitseh 26.) 

Lupinus luteus Percentages of total-N of seedling 

Untreated 3 days in toluene vapour 

Soluble-N 345 

ingly, he examined (284) several seedling saps with the 
object of isolating tetramethylenediamine (from argimne 
J ornithine), pentamethylenediamine f ^ 
phenylethylamine (from phenyManine), with, however 
Lgative results. Further (biological) 

of the oxidation hypothesis was brought foj^^rd a^®^* 
this time by Suzuki (321), Butkewitseh (26) a,nd God- 
lewsM (88), but Paech (200) has 

ment with the earlier view of Clausen f , 

conditions of anaerobiosis, plants rapidly die, so that 
most of the changes observed by these workers must hav 
been post mortem. 

I think, hower, that we can MW regard such ewden^ 
as immaterial, since recent work (Krebs, 123, 1^4) ha 
shown that the first stage in the biologi^l decomposition 
of amino acids is an oxidation to the correspontog 
a-ketonic acid with the production of ammoma. The evi- 
dence for this is fully discussed later, in Chapter V. 

R.CH (NHa) .CO^H -f- 0 = R.GO.CO 2 H NH 3 

The ammonia resulting from the amino acid <>^tion, 
however, is not always utilised in the synthesis of amides 
Euhland and Wetzel (255, 256, 257), for example, hold 
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that in certain plants— those ■with a very acid sap — the 
normal metabolism/ and also that under special experi- 
mental conditions, is associated with the formation of 
ammonium salts of organic, e.g. malic and oxalic, acids. 
They accordingly group plants under two headings: 
“amide plants” and “acid or ammonia plants,” examples 
of the latter being Begonia semperflorens (the leaves of 
which are very acid, pH 1.53, and contain much ammonia, 
especially if cultured in the dark), and the petiole of 
rhubarb. The distinction was further emphasised by the 
work of Kultzscher (129), but has recently been queried 
by Schwab (304), whose more accurate analyses show 
that the “acid or ammonia plants” also produce consider- 
able amounts of amides. According to Kultzscher, the 
leaves of Oxalis Deppei have a sap at about pH 1.5 and of 
Pelargonium at about pH 2.82. 

TABLE 31. 

(From Schwab, 304.) 

Number In percentages of total leaf-N 






of days 

Pro- 

Ammo- 

Q-luta- 

Aspara- 





in dark 

tein-IsT 

nia-3sF 

mine-N 

gine-N 

Leaves of Oxalis Deppei 

0 

83.0 

4.46 

1.2 

2.08 

a 

a 

u 

u 

2 

59.6 

9.23 

10.1 

6.03 

a 

u 

iC 

a 

5 

28.2 

31.3 

17.9 

2.0 

a 

a 

Pelargonium 









pelt at um 

0 

80.8 

4.00 

0.1 

0.94 

u 

u 


a 






u 

a 


a 

2 

68.8 

4.83 

3.79 

2.78 

a 

n 


u 






■■ £( 

u 

u 

u 

4 

50.0 

20.1 

0.93 

10.78 

a 

u 


u 






a 

Ci 

u 

' . u 

5 

37.4 

30.9 

0 

9.05 


3. The Possible Secondary Production of the Whole 
Asparagine Molecule from Protein. 

Schulze (p. 48), when attempting to prove that the as- 
paragine which accumulated in his lupin seedlings (grown 
under conditions which precluded the entry of extraneous 
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nitrogen) came from protein, begged tbe question by con- 
siderfno- only the transfer of nitrogen. To tbe best of my 
faiowledge, L origin of tbe carbon skeleton of tbe as- 
paragine produced during tbe etioMed t 

lings bas never been directly investigated, so that no ad 
iTeSL is available; tat two of Sctalse s papere 
have provided me with sufficient data for profitable dis- 
cussion. These are set out in table 32 Certain assump- 
tions have been made in calculating tbe weights of the 
different fractions, but tbe possible errors introduced will 

not affect tbe point at issue. w 

Tbe non-nitrogenous reserves of tbe seed available for 
metabolism during germination are the bemicelluloses, 
which be showed were readily digested, water-soluble 
polysaccharides, and the fraction designated other solu- 


TABLE 32. 

(Computed from Schulze, 279, 277.) 


Lupifius luteus 


Per 100 g. of ungerminated 
seeds without testas 


Stage 

Total dry weight 

Protein (N X 6.25) 

ISlitrogenous bases (NX^) 

Asparagine * * 

Other soluble nitrogenous compounds, assumed 

to be monoamino acids (N X 7) . . . . . ... * • ^ 

Lipoid (ether extract) 

Available fWater soluble polysaccharides 8.4 

N-free \ Other soluble N-f ree material 15.3 1 
reserves [^Hemicelluloses 9.6J 

Crude fibre 

* SchnRe does not quote values for seedling “ether extract” and those given 
are based on experimLs in my laboratory with seedlings of Phaseolus 
florus (113). 



Seed- 

Seedlings 


lings 

kept 15 


kept 15 

days in dark 


days in 

and then 10 

Seeds 

dark 

days in light 

(1) 

(2) 

(3) 

9^ 

9- 

9- 

100 

77.2 

82.2 

52.3 

10.3 

10.7 

2.3 

6.1 

5.1 

- 

19.0 

24.1 

1.1 

16.7 

9.8 

6.2 

4.0* 

4.0* 

33.3 

16.3 

23.7 

4.8 

4.8 

4.8 
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ble N-free material.” TMs last may contain sugars and 
will include the small amounts of malic and citric acids 
Schulze found in both the seed and seedlings. 

Let us consider some of the major changes that have 
occurred during growth in the dark for the first 15 days. 
In the first place, 22.8 g. of total solids have been lost 
through respiration or perhaps, in small part, by the for- 
mation of water in metabolic processes. In the second 
place, 42 g. of protein have disappeared, and of this 
amount about 22 g. are represented by the increases in 
“nitrogenous bases” and “other soluble nitrogenous 
compounds.” These can be considered in large part as 
primary products of the protein breakdown and the ori- 
gin of their carbon skeleton is therefore not in question. 
The remaining 20 g. have been metabolised beyond the 
amino acid stage, the nitrogen being incorporated in the 
newly formed asparagine, and the a-ketonic acids, in all 
probability, further metabolised to what I refer to as 
“N-free fragments.” These latter, of course, are avail- 
able for respiratory or synthetic processes. We are now 
in a position to draw up a simple balance sheet. 

Became sheet at stage 2, 

To be accounted for : Available for metabolism : 

22.8 g. of total solids 2 g. lipoid 

About 15 g. of N-free aspara- About 17 g. of “N-free fragments” 
gine derived from protein 

17 g. of “available N-free reserves” 

In spite of liberties which have admittedly been taken 
in computing the numerical values given above, two al- 
ternative conclusions stand out quite clearly. (1) If the 
“available N-free reserves” and lipoid have been prefer- 
entially utilised for respiratory processes, as some would 
hold, then the “N-free fragments” derived from the pro- 
tein must have provided the major part of the asparagine 
carbon skeleton. (2) If the “available N-free reserves” 
have furnished the latter — and under different conditions, 
as I shall show later, we know that glucose can do this — 


To be accounted for : 

About 5 g. of N-free aspara- 
gine 

7.4 g. of “N-free reserves” 
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then tlie “N-free fragments” have been nsed in respira- 
W &>hnl"e's data lerefore provide an tiBg “n- 

firmation for the view of Prianischnikow (p. 81) and the 
earUer suggestion of Bonssinganlt (p. 4) ihoX asparagine 
production in seedlings is connected with respiration 

^ Eqnally interesting are the deductions from the changes 
whiA occurred when the 15-day 

grown for a further period of 10 days ^ the light. In t s 
fuse, the fixation of carbon by photosynthesis introdue^ 
an unknown factor, but that need not 
drawing up a balance sheet showing the changes that have 
occurred during this second period of growth. 

Balance sheet of changes occurring between stages 2 and 3. 

Available for metabolism: 

5.0 g. of total solids 
About 8.5 g. of N-free fragments 
from “nitrogenous bases” and 
“other soluble nitrogenous com- 
pounds” 

During a period of active photosynthesis (shown by the 
increase in total solids), it seems reasonable to assume 
that newly formed sugars have contributed in large p^t 
to the iniease in “N-free reserves,” in which case we 
cannot, as before, escape the conclusion 
“N-free fragments” derived from the soluble mtrog 
nous products have been used in respiration, or they have 
become incorporated in the newly formed asparagine. 
The data of Schulze, therefore, support the assumption 
that in seedlings growing under conditions of carbohy- 
drate deficiency, proteins can be used (indirectly) in res- 
piration. Definite proof that this can take place in tobacco 
leaves, cultured in water for some days in the dark, is 
provided in Chapter X. Schulze’s seedling data also show 
that the formation by secondary reactions of the whole 
asparagine molecule from protein is possible, and it thus 
becomes pertinent to enquire wMch of the many amino 
acids produced on protein digestion can readily function 

in this way. 
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We have seen that the first stage in the metabolism of 
amino aeids is probably an oxidative deamination with 
the production of the corresponding a-ketonie acid (p. 90). 
The next stage — decarboxylation — ^is generally consid- 
ered to be brought about by carboxylase, the presence of 
which has been demonstrated in a number of higher 
plants (ZalesM and Marx, 369), the aldehyde produced 
being further oxidised to the corresponding acid. 

R.CO.CO2H R.CHO R-CO^H 

The amino aeids will therefore be oxidised to non- 
nitrogenous acids containing one carbon atom less than 
their respective precursors. Glutamic acid will thus give 
succinic acid, which could be metabolised via fumaric 
acid or oxalacetic acid to asparagine, according to the 
scheme discussed in Chapter IX (reactions 8 and 9, pp. 
190,191). 

It is interesting to observe that Damodaran and Nair 
(61) have shown that seedlings of three legumes contain 
an aerobic dehydrogenase wMch will oxidise Z(-l-) -glu- 
tamic acid to a-ketoglutaric acid. Since this family of 
plants generally elaborates asparagine in preference to 
glutamine it is to be expected that the glutamine or glu- 
tamic acid produced on primary protein decomposition 
could be further metabolised to help provide the former 
amide. 

The other non-nitrogenous acids no doubt undergo fur- 
ther oxidation with the production of shorter fragments, 
but three of them, arginine, proline and histidine might 
furnish succinic acid. 

Arginine 

HN : C (NH^) .NH. (CH,)30H (NH,) .CO,H HN : C (NH,) JSTH. (OH,), CO,H 
HN:C(NHj).NHj + HOjC.(OHi,),.CO,H 
guanidine 

This oxidation has been accomplished in vitro with 
barium permanganate by Kutscher (131), and led Schulze 
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and Gastoro (294) to suggest t 
presence of both guanidine and i 

Proline 

Weil-Malherbe and Krebs (3i 
dative breakdown may occur in 
duction of glutamic and a-ketog 
acid might therefore act as a pr 
and asparagine. 


CO,H.CH,CH,.CH(NH,).CO,H 

CO2H.CH2.CH2.CO.CO2H 


Idlbacher (71, 72) has concluded that the path of 
siological disintegration of histidine proceeds, under 
initial action of histidase, as follows : 

m HC-NH^ 

"nn II '■fiH CH I on I 


CHjNaOH 
1 HCl 


OH. Histidasi 


CH(NH,) 


CH(NH>) CH(NH.) 


CH(NH.) 


CH(NH.) 


Kidney 


COaH 


CO.H 
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The glutamic and succinic acids thus formed could act 
as precursors of the amides. 

Reverting to Schulze’s data for yellow lupins (pp. 92, 
93), it is now possible to give some idea of ike amount 
of secondary asparagine that could be formed in this 
way. A recent analysis of the lupin protein conglutin in 
my laboratory gave the following values : 

Per cent of protein 


Glutamic acid 23.8 

Aspartic acid 9.4 

Arginine 11.0 

Histidine 2.0 

Proline* 2.6 


The aspartic acid could be regarded as an immediate 
precursor of asparagine, even if it did not exist entirely 
in this form in the intact protein molecule, while calcula- 
tion shows that, on a basis of 40 per cent protein decom- 
position, the other four amino acids could give 11 per cent 
of succinic acid. Such an amount, together with the pre- 
formed aspartic acid, could readily furnish the necessary 
19 per cent of asparagine. It need hardly be emphasised 
that the above-mentioned hypotheses are purely specu- 
lative, especially as short fragments from the further 
oxidation of practically all of the amino acids might pass, 
via acetaldehyde to acetic acid, and hence by the Thun- 
berg reaction to succinic acid. 

CH3CO2H CH3.GO2H 

I 

CH3.C0,H CH 3 .CO 3 H 

They do, however, illustrate the possibilities of a direct 
synthesis of asparagine from protein, and emphasise that 
we have here a very important problem in plant biochem- 
istry on which more experimental evidence is urgently 
required. 


Abderhalden and Herrick (1). 
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The AccumMion of Asparagine md Glutamm^ 

Artificially Enriched with Ammonia. 

If the carbon skeleton of asparagine, and pe^aps of 
fflntainine, can be provided by certain nitrogen-free re- 
fSverth^n plants which contain the necessary precur- 
sors should synthesise asparagine or glutainine when arti- 
SrenricS with ammonia. The truth of tbis was first 
demonstrated by SuzuH (319), who found that plants re- 
moved from the^ soil and placed in culture solutions took 
nn ammonia and converted it to asparagine, especially if 
glucose were present in the culture 

was there any large accumulation of ami^nia itseii. 
SesrobservaLns have been confirmed by Prianischm- 
ko-w who from the results of a series of beautifully 
plumed experiments, has been able greatly to extend our 
Lowledge of the physiological role of ammoma and as- 

^^SfanisSkow and Schulow (231) in 1910 repeated 

Suzuki ’s experiments under more easily davsin 

tions. Samples of barley were germinated for 14 days 
water and in 0.1 per cent ammonium chloride, respec- 
tively. Analyses of the seedlings showed that the ammo- 
nia taken up had been metabolised to asparagine. 

Preliminary experiments with peas failed, but, when 
calcium carbonate or sulphate was added to the ammo- 
Sum chloride culture solution, synthesis of asparagine 

was aajain demonstrated. . , • 

It be seen that, in both sets of experiments, the m- 
crease in total nitrogen is closely paralleled by ^ * 
crease in asparagine nitrogen, shomng quite clearly that 
the ammonia from the culture solution had provided both 
the amino and amide groups in the asparagme molecule. 
As Prianischnikow emphasised, he had, for the first tune, 
induced seedlings to build up asparagine under coi^ditions 
clearly dissociated from a direct relationship to protein 

• In the foUowing account I have drawn largely on the ^ceUent sum- 
mary of Prianischniko-w’s work by Vickery et al. (336, p. 764). 
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metabolism, the amide having arisen de novo from ammo- 
nia and a non-nitrogenous precursor such as (for exam- 
ple) malic acid. 

TABLE 33. 

(Fro23Q Prianisciinikow and Sclinlow, 231.) 

Seedlings of Hordeum sativum (vulgare) 


Culture solution 

H,0 

NH.Cl 


Per 100 seedlings 


mg. 

mg. 

Total-N 

. 145.8 

161.5 

Protein-N 

. 61.8 

61.5 

Asparagine-IST 

. 36.8 

56.4 

Ammonia-N 

0.55 

0.89 

TABLE 34. 

(Prom Prianisciinikow and Schulow, 231.) 
Seedlings of Pisum sativum 




NH,Cl-f 

NH,C1-P 

Culture solution 

NH^Cl CaCOj 

Caso^ 

N taken up by seedlings . . 

44.8 93.9 

195.7 

Increase in asparagine-N . 

25.0 116 

182 

Precisely similar results have recently been obtained by 

Vickery, Pucher and Clark (334) with respect to gluta- 
mine in beets from plots very heavily dressed with am- 

monium sulphate. 

TABLE 35. 


(Prom Vickery, Pucher and Clark, 334.) 



Per kg. of fresh tissue 


3 days 

9 days 


after dress- 

after dress- 

Boots of Beta maritima 

Control ing of plot 

ing of plot 




Soluble-N 

1.96 2.10 

2.16 

Glutamine-N 

......... 0.37 0.54 

0.58 

Increase in soluble-N 

0.15 

0.21 

Increase in glutamine-N . . . 

0.16 

0.21 
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The effect is striking, for the whole of the nitrogen 
taken np has been metabolised to glntamine, showing that 
the non-nitrogenous precursor of this amide may also be- 
come available under conditions dissociated from protein 

metabolism. , ^ i? at 

These results are of the greatest importance, for they 
show inter alia that the second alternative I deduced from 
Schulze’s lupin analyses (p. 73), i.e. that, on metabolism 
of the primary amino acids, the ammonia set free might 
condense with nitrogen-free reserve material to give as- 
paragine, and that the residual carbon chains might be 
further oxidised and used in respiration, is very possible, 
although not necessarily so in that particular case. 

Prianischnikow’s interest in 1910, however was di- 
rected towards the metabolism of ammonia. In 1895 (222), 
and again in 1899 (225), he had enlarged on Boussin- 
gault’s original suggestion that asparagine formation in 
plants was analogous to urea formation in the anmal 
Ldy, and his new direct production of asparagine from 
ammonia led him to the further conclusion that both 
plants and animals avoid the harmful effects of ammonia 
in the cells by a dehydration process, namely, the synthe- 
sis of urea on the one hand or of asparagine on the other. 
Not until 1922 was he in a position to generalise more 
widely, for in some of his earlier experiments with Schu- 
low tLy had been puzzled by the fact that certain plants 
accumulated small amounts of ammonia and did not me- 
tabolise it to asparagine (229). T 1 

Appropriate tests showed that the seedlings which did 
metabolise ammonia to asparagine were those which pos- 
sessed a considerable reserve of carbohydrate; those 
without this reserve might take up a little ammoma, 
which would then be stored unchanged. The issue was con- 
fused by the fact that certain plants, particularly leg- 
umes, also seemed to require calcium, or at any rate the 
presence of a reagent (CaOOs) in the culture solution to 
preserve neutrality. Lupins, however (even when pro- 
dded with tHs reagent), were plants which failed to pro- 
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dnee asparagine, the small amount of ammonia taken up 
remaining unchanged. 


TABLE 36. 

(From Prianisciiiaikow, 229.) 

lO’day etiolated seedlings of 
Lupinus lutem 

(NHJ,SO,+ 

Culture solution H^O (NHJ^SO^ CaCOj 

Per 100 seedlings 



mg. 

mg. 

mg. 

Total-N 

567 

575 

535 

Protein-N ... 

152 

160 

170 

Asparagine-N 

258 

175 

158 

Ammonia~N .......... 

26 

57 

68 


Three types of experiment can readily be suggested to 
demonstrate the essential nature of the carbohydrate. In 
the first place, will a seed which contains much carbohy- 
drate reserve in the cotyledons or endosperm behave like 
lupins if those organs are removed? This was tried with 
barley seedlings, and the data show clearly that aspara- 
gine formation was prevented while ammonia accumu- 
lated in unusual amounts. 

Secondly, how will lupins behave if given the oppor- 

TABLE 37. 

(Prom Prianisehnikow, 229.) 

Seedlings of Bordeum sativum 
■with endosperms removed 

NH^Cl-!- 

Culture solution H 2 O NH^Cl CaCOj 

Per 100 seedlings "without 
endosperms 



mg. 

mg. 

mg. 

Total-N 

163 

202 

242 

Protein-N 

81 

95 

87 

Asparagine-N 

45 

57 

37 

Ammonia-N 

.XV. ' 

41 

73 
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tunity of supplying themselves witli carbohydrate by 
means of photosynthesis? The results show pronoimced 
asparagine formation and very little accumulation of am- 


moBia. 


Culture solution 


TABLE 38. 

(From Prianischnikow, 229.) 

Seedlings of Lupinus luteus 
grown in ligM for 15 days 

NH,C1 + ' 
ISTH^Cl CaCOg 
Per 100 seedlings 


H,0 


mg. 

885 

617 

151 


mg. 

968 

521 

291 

35 


mg. 

978 

617 

227 

24 


Total-N 

Protein-N 

Asparagine-N 

Ammonia-N * * 

Finally, how wiU lupins behave when cnltured in the 
dark on ammonium salts if glucose be also added 
nutrient solution? Such an experiment was not easy to 
perform, but Smimow (310), working in Prianise i- 
Lw’s laboratory, developed the necessary technique a 
matter of conducting the cultures under sterile conditions 
—from previous work of Petrow. The answer was clear , 
asparagine and also protein formation were stimulated, 
while the accumulation of ammonia was depressed. 

TABLE 39. 

(Prom Prianisehnikow, 229.) 

Etiolated seedlings of Lupinus luteus 

Culture solution 


(NHJ,SO,-f 

CaSO* CaSO^-f glucose 

Per 100 seedlings 


‘XT 

mg. 

1,002 


216 


490 

Asp&rugine-N 

Ammonia-N 

123 


mg. 

1,249 

380 

619 

82 
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Prianischnikow summarised all these results in a table 
■wMch. shows the effect of carbohydrate and of light on 
asparagine formation in seedlings. 


Experimental conditions Eesnits 




Asparagine 

Ammonia 

Garbohydrate 

Light 

formation 

enrichment 

+ 


+ 

— 


— 


+ 

+ 

+ 

+ 

— 


+ 

— 

+ 


The great significance of ammonia in the nitrogen me- 
tabolism of the plant was thus emphasised, and he pointed 
out that if nitrate absorbed from the soil must first be re- 
duced to anunonia before it becomes available for the 
synthesis of organic nitrogenous compounds (see p. Ill) 
we may regard ammonia as the a and w of nitrogen me- 
tabolism in that it is the first stage in the synthesis of 
amino acids and thus of proteins, as well as the end- 
product of their final decomposition. 

These results of Prianischnikow have far-reaching im- 
plications for they show that amide formation in the plant 
requires only ammonia and some non-nitrogenous pre- 
cursor which need not he derived from protein at all but 
can be provided by glucose or perhaps also by some other 
nitrogen-free material present. I must therefore again 
emphasise the statement with which I opened this chapter, 
that transfer of nitrogen from protein to amides does not 
necessarily imply that formation of these amides is ex- 
clusively a matter of protein metabolism. 


CHAPTEK V 


THE MECHANISM OF AMINO ACID AND 
PROTEIN SYNTHESIS IN PLANTS 

W E have seen (Chapter III) that in the early 
stages of seedling growth, especially when ex- 
ternal sources of nitrogen are not available, a 
synthesis of protein in the axial organs takes place at the 
expense of the digestion products of the seed reserves, 
i.e., to use an expression favoured by earlier workers, it 
is a regeneration from pre-existing protein. The process, 
however, entails more than a simple transfer of amino 
acids from the reserve organs to the centres of new 
growth, for the composition of the old and new proteins 
differs, and a synthesis of certain of the requisite amino 
acids — ^by secondary reactions which involve the produc- 
tion of ammonia from other digestion products and its 
condensation with nitrogen-free residues, which may be 
of non-protein origin (Chapter IV) — ^must take place to 
an extent which will be determined not only by the com- 
position of the seed reserves but also by the metabohc 
activities of the seedlings concerned. At a later stage 
these reserves become exhausted, and the young plant 
will then depend to an increasing extent on external 
sources of nitrogen for the elaboration of new protein. 
This nitrogen is assimilated through the developing root 
system and will be available for amino acid synthesis in 
the form of ammonia, nitrate or (with legumes) products 
metabolised from atmospheric nitrogen by symbiotic bac- 
teria. The course of this synthesis must vary in certain 
details according to the form of nitrogen provided. 
Synthesis of amino acids when nitrogen is available in the 
form of ammonia. Recent researches would appear to 
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leave but little doubt that in animal tissues a synthesis of 
amino acids may take place through the condensation of 
ammonia and the corresponding a-ketonic acid according 
to the original suggestion of Knoop and Oesterlin (119). 


R 

I 

CO 


REACTION 1. 

R 

NHj I 2H 

C=NH 


R 

I 

CHNHjs 


COjH 

a-ketonic acid 


CO,H 

a-imino acid 


COgH 

a-amino acid 


The evidence in favour of glutamic acid synthesis un- 
der these conditions is particularly convincing. In the first 
place, Weil-Malherbe (356) showed that a reversible re- 
ductive amination of a-ketoglutaric acid occurred in the 
presence of brain tissue, and more recently von Euler and 
his colleagues have investigated the enzyme systems con- 
cerned. von Euler et al. (80) found that Z(-}-) -glutamic 
acid was primarily dehydrogenated by codehydrase (Co), 
on the specific apodehydrase, forming a-iminoglutaric 
acid and dihydro-codehydrase ; the imino acid spontane- 
ously decomposing to a-ketoglutaric acid and ammonia. It 
was then found easy to synthesise Z(-l-) -glutamic acid 
from the equivalent amounts of the decomposition prod- 
ucts with dihydro-cozymase (C 0 H 2 ) in the presence of the 
apodehydrase. 

“Grlutamic acid dehydrase” is thus an enzyme which syn- 
thesises glutamic acid in the organism by reductive fixa- 
tion of ammonia on to a-ketoglutaric acid, and, at normal 
physiological values for (H+), the equilibrium of the re- 
versible reaction is far on the glutamic acid side. In the 
higher plants, Adler et al, (2) found that the activator 
was cozymase (codehydrase I), the hydrogen coming into 
the system by dehydrogenation of triosephosphate, glu- 
cose, etc.' -Furthermore, since the hydrogenated cozymase 
and apodehydrase are only in dissociated equilibrium, the 
hydrogen remains quite labile. In confirmation of these 
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findings, we have the evidence of Damodaran and Nair 
(61) that seedlings of several legumes contain an aerobic 
dehydrogenase which will convert ^(+) -glutamic acid to 
a-ketoglutaric acid and ammonia, while some infiltration 
experiments described later (see p. 209) show that gluta- 
mine can be synthesised from these latter products in 
blades of perennial rye-grass. 


REACTION 2. 


COjH 



CO,H 

1 

CHNH, 

! 


Apodehydrase 

j 

C=NH 

1 

CH, 

-|- Co 


CH, 

1 

CH, 



CH, 

CO,H 



CO,H 

CO,H 



CO,H 

I . 

C=NH 



O 

II 

CH, 

+ H,0 


CH, 

1 ^ 

1 

CH, 

j “ 



CH, 

CO,H 



1 

CO,H 






It is possible that in the plant the synthesis and deami- 
nation of all the protein amino acids can be brought about 
according to reaction 1, for other specific dehydrases, e.g. 
for alanine and proline, are known to occur in animal tis- 
sues; but the fact that protein synthesis — which implies 
amino acid synthesis — can take place very readily at the 
expense of ammonia stored as asparagine or glutamine 
strongly suggests that the “Umaminierung” mechanism 
of Bra;^stein and Elritzmann (23, 24) may also be op- 
erative; These workers have recently shown that many 
animal tissues contain a highly active and reversible en- 
zyme system by means of which the amino group and two 
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hydrogen atoms of a-amino acids can be directly trans- 
ferred to oxalacetic acid or a-ketoglntaric acid, with the 
formation of the corresponding a-ketonic acids and as- 
partic or glutamic acids, respectively. Euler et al. (80) 
state that this exchange-amination with glutamic acid or 
a-ketoglutario acid takes place in the presence of enzyme 
solutions prepared from various higher plants, while, in 
keeping with such a transfer, Virtanen and Laine (348) 
have recently shown that aspartic acid can donate amino 
nitrogen to a-ketonic acids, such as pyruvic acid, if the 
two reactants are added to a mass of crushed pea plants. 


REACTION 3. 


R 

CO,H 

I 

R 

CO,H 

1 

+ 

1 

CO ^ 

I 

CO + 

1 

CHNH^ 

COgH 

1 

CHg 

1 

CO,H 

1 

CH, 


CO,H 


I 

CO^H 

a-amiBoaeid 

oxalacetie 

acid 

a-ketonic 

acid 

Z( — ) -aspartic 
acid 


It is thus very probable that the ammonia assimilated 
by the root system may he condensed at once with oxalace- 
tie acid, a-ketoglutaric acid or both of these substances to 
produce aspartic acid, glutamic acid or both amino acids, 
respectively, either of which can then donate amino ni- 
trogen to such a-ketonic acids as are available and are 
required for amino acid, and hence for protein, synthesis. 
Amy excess of aspartic acid or glutamic acid would mean- 
while condense with a second molecule of ammonia to give 
asparagine and glutamine, respectively. Chibnall and 
Q-rover (44) have prepared asparaginase from germinat- 
ing barley, while some experiments of Mothes (179) show 
that many leaves can synthesise asparagine from ammo- 
nia and 1(-|-) -aspartic acid. 

Krebs (125) has shown that many animal tissues can 
synthesise glutamine from anunonia and i!(-f) -glutamic 
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EEACTION 4. 

COjjH 

CHNHj +NH3 

CHj 

CO,H 

Z(—) -aspartic acid 

acid, the reaction being endothermic and therefore requir- 
ing the provision of energy from other reactions. Ex- 
tracts from the same tissues will bring about the reverse 
action. In the plant we have evidence that glutamine can 
be synthesised from these products in the roots of beet 
(Vickery et al., 334) and in blades of perennial rye-grass 
(see table 73). 

EEACTION 5, 

CO,H 

I “ 

CHNHj 

CH, 

I 

CONH2 

2(-f-)-glutamiiie 

When amino acid synthesis is taking place, in part, at 
the expense of asparagine or glutamine, as, for example, 
in certain stages of seedling growth, it will be clear that a 
direct donation of amino nitrogen can occur only to a lim- 
ited extent, since these amides contain only one-half of 
their nitrogen in this form. In such cases the amide- 
nitrogen, after enzymic hydrolysis to produce ammonia, 
might temporarily condense with oxalacetic acid or 
a-ketoglutaric acid if these be available; alternatively, 
direct condensation of anunonia according to reaction 1 


CO,H 


CHNH^ 

! 

CH„ 

I 

CHj 


+ NH3 


■NH, 


CO3H 


2 (-1-) -glutamic acid 


CO3H 

I 

CHNH, 

I +H 3 O 

CH, 

1 

CONH3 

2 ( — ) -asparagine 
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miglit also take place, and a general scheme for amino 
acid and hence for protein synthesis in plants can be con- 
veniently summarised as follows : 


REACTION 6. 



Synthesis of ammo acids from products supplied by sym- 
biotic bacteria. Recent research of Virtanen and his col- 
leagues on nitrogen fixation by legume bacteria and excre- 
tion of nitrogen compounds from the root nodules (for 
summary, see 341) has thrown light on the long-standing 
problem of the form in which legumes receive their nitro- 
gen nutrition from the root nodules, and has incidentally 
revealed certain of the essential steps in the eventual con- 
version of atmospheric nitrogen to amino acids. 

Inoculated but otherwise sterile cultures of young pea 
plants in nitrogen-free sand were shown to excrete as- 
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partic acid, 13-alamne — a decarboxylation product of the 
aspartic acid produced through the agency of the nodule 
bacteria — ^and oxime nitrogen (Virtanen and Laine, 342, 
344). Young active cultures of Asotobacter chrooccum 
and Bejermckii (345) also produced oxime nitrogen (con- 
firming the earlier observation of Endres, 79), as well as 
aspartic acid. Suspecting that the oxime might be an in- 
termediary product in the synthesis of aspartic acid via 
hydroxylamine and oxalacetic acid, they suspended the 
nodular mass, detached from the roots of peas, in a dilute 
solution of this acid at pH 7.0 (346), and observed a pro- 
nounced nitrogen fixation in excess of controls. Confirm- 
ing evidence was then obtained by the actual isolation of 
the oxime (349) and, since young pea plants had been 
shown to contain oxalacetic acid (348), Virtanen and 
Laine suggested that the nitrogen Nation took place in 
the following way : 


REACTION 7. 


Atmospheric N^ > NH^OH -f- 


CO^H 


CO 


CH, 


CO^H 


acid 


COjH 

CO,H 

C=NOH 

j 

CHNHj 

1 — » 

I 

CHj 

CHj 

CO,H 

CO,H 

crime of oxal- 

?(—) -aspartic 

aeetie acid 

acid 


The mechanism by means of which gaseous nitrogen is 
reduced by the nodule bacteria to hydroxylamine is not 
clear, but the latter substance condenses with oxalacetic 
acid received from the host plant to form the correspond- 
ing oxime, which then xmdergoes reduction through the 
agency of the bacteria to give aspartic acid. This acid is 
then returned to the host plant to serve as nutrient, or 
is, in part, excreted into the medium surrounding the 
nodules. 

Virtanen and Laine pointed out that, if aspartic acid 


SYNTHESIS OF AMINO ACIDS 


111 


should be the only primary amino acid formed during 
nitrogen fixation, as their results suggested, then the syn- 
thesis of other amino acids must take place at its expense. 
In conformity with this view, and also with that of Braun- 
stein and Kritzmann, they have since been able to show 
that, in the presence of crushed pea plants, aspartic acid 
can donate amino nitrogen to pyruvic acid with the forma- 
tion of alanine. Except in the initial stages, therefore, the 
synthesis of amino acids, and hence of protein, from at- 
mospheric nitrogen through the agency of symbiotic bac- 
teria, does not differ from that which is operative when 
nitrogen is supplied in the form of ammonia. 

Synthesis of amino acids when nitrogen is available in the 
form of nitrate. The literature dealing Avith the storage 
and assimilation of nitrates, and also with factors influ- 
encing nitrate nutrition in plants, has been ably reviewed 
recently by Nightingale (185) and I shall confine the pres- 
ent discussion to the mechanism of nitrate transforma- 
tion to organic nitrogen. Many speculative suggestions to 
explain this have been put forward in the past (see Robin- 
son, 251), but there is now ample evidence to show that 
the first stage is the reduction of nitrate to nitrite (cf. 
Eckerson, 70). The later stages are still not well under- 
stood. Lemoigne et al. (134) claim that a detectable 
amount of hydroxylamine is present in various leaves, 
and that the extracts of lilac leaves will reduce nitrite to 
this substance (135). Since Corbet (56) has shown that 
the microbiological oxidation of ammonia gives consider- 
able amounts of hyponitrous acid, as well as traces of 
hydroxylamine, it may be that, in plants, nitrate reduc- 
tion proceeds through the stages nitrate nitrite hy- 
ponitrous acid hydroxylamine ammonia. Amino 
acids could then be metabolised from the ultimate or pe- 
nultimate product by the reactions described above, sug- 
gesting that whatever the source of nitrogen available to 
the plant, amino acid synthesis will finally proceed ac- 
cording to reaction 6. 

Protein regeneration in seedlings. It will be recalled that 
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Schulze, in his later years, inclined to the view that pro- 
tein regeneration in seedlings would take place prefer- 
entially through the agency of asparagine or glutamine 
rather than from amino acids, because he felt that the 
amides would be more readily available for this purpose. 
Prianischnikow, however, had preferred a broader gen- 
eralisation which, while ranking the amino acids equally 
with the amides as agents for protein synthesis, gave the 
preference to the amino acids if these were available, and 
relegated the amides to the position of storage products 
which could provide ammonia for amino acid synthesis 
when required. In Chapter III, I showed that the views 
of these two workers were not necessarily in conflict if the 
protein regeneration were considered from the standpoint 
of amino acid requirements^ and a little further consid- 
eration will show that both are in full harmony with the 
scheme of mechanisms portrayed in reaction 6. Indeed, 
the recent demonstration by Braunstein and Kritzmann 
that aspartic and glutamic acids can donate amino nitro- 
gen to a-ketonic acids serves only to emphasise over again 
— and in a way that Schulze could not have foreseen- — ^the 
very ready “availability" of the two amides as agents for 
protein synthesis. 

Moreover, the relationship which the earlier workers 
postulated between asparagine and “available carbohy- 
drate" in protein synthesis or regeneration, a relation- 
ship which, incidentally, Prianischnikow (see p. 79) found 
difficulty in accepting, receives a reasonable explana- 
tion in terms of reaction 6. The function of the carbo- 
hydrate must be to provide the necessary series of 
a-ketonic acids and there must thus be present in plant 
cells some enzyme system or systems — at_ present un- 
known — which enables this to be brought about. The mere 
presence of any particular group of carbohydrates, such 
as the monoses, therefore, need not necessarily lead to 
protein synthesis' if asparagine be available, for condi- 
tions may be such that one or more of the mechanisms 
which control the reactions: sugar a-ketonic acids -* 
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a-amino acids protein, are acting as a limiting factor. 
These views constitute a criticism of Paech’s hypothesis 
which I shall enlarge on more fully in Chapter XL 
Protein synthesis in leaves. The above remarks apply 
with equal force to the question of protein synthesis in 
leaves since, from whatever source, internal or external, 
the nitrogen required for this purpose is provided, it is 
probable that the ultimate synthesis of amino acids, and 
hence of protein, must take place according to reaction 6. • 
Hence, in the presence of adequate supplies of sugar and 
nitrogen — conditions fulfilled in numerous experiments 
carried out in the past with detached leaves floating on 
nutrients — ^the controlling factors will be the necessary 
enzyme systems concerned. It is to be expected, therefore, 
that the response will depend on many factors such as 
leaf age, physiological activities of the plant, etc., which 
we still find very difficult to correlate with chemical 
mechanisms, and this aspect of the problem is illustrated 
in a striking way by some recent work of Pearsall and 
Billimoria (206) . 

It may not be out of place to mention here that the 
vacuum infiltration experiments of Bjorksten (16), which 
have occasionally been quoted in recent years as evidence 
that protein synthesis in wheat seedlings takes place 
readily at the expense of urea, acetamide, etc., are worth- 
less. Even if we assume that the observed small increases 
in protein content are valid, and the experimental tech- 
nique employed is not reassuring, the fact remains that 
the fate of the infiltered urea, etc., was not determined, 
and participation in protein synthesis therefore was not 
established. 

Protein synthesis in ripening seeds. This question was 
first investigated by Enunerling (76, 77, 78), who, in 1880, 
collected samples of broad bean plants (Vicia Faba ma- 
jor) at various stages of growth and subjected the dried 
material to a detailed analysis that took him 20 years to 
complete. He expressed his results in terms of percen- 
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tages of the dry substance and also in grams per 1000 
plants, and the cnrves that illustrate the accumulation of 
dry substance— nitrogen, amino nitrogen (Sachsse-Kor- 
mann) and protein nitrogen — in the leaves, stems, seeds 
and roots furnish a vivid picture of the growth of the 
plant and of the migration of organic solids and of nitrog- 
enous substances from the leaves to the seeds as these 
matured. Furthermore, the interesting part played by the 
seed pod, as an intermediate storehouse of nitrogenous 
substances later furnished to the seed, is particularly well 
shown. Emmerling did not separately estimate the amount 
of amin o acid amides present in his material, but he con- 
cluded that these substances would also migrate with the 
amino acids from the leaves to the seeds. The process of 
protein formation in these latter organs thus presented 
certain analogies with protein regeneration in seedlings, 
and for this reason Schulze considered that a more de- 
tailed chemical study would be of value. 

Wassilieff (354), working in Schulze’s laboratory, ana- 
lysed the unripe seeds of various legumes, and found as- 
paragine, arginine, histidine, phenylalanine and valine. 
Wassilieff (355) and also Pfenninger (214) next showed 
that during the ripening period much of the protein pres- 
ent in the pods was broken down and the products trans- 
located to the developing seeds. Meanwhile, Schulze him- 
self, with Wmterstein (301), had been engaged in a more 
complete investigation of the non-protein nitrogenous 
substances in the pods and unripe seeds of the pea {Pisum 
sativum). From the pods they could isolate asparagine 
(in amount equal to nearly 40 per cent of the total non- 
protein nitrogen) and much smaller amounts of arginine, 
histidine, leucine and tryptophan, whereas the unripe 
seeds contained 40 times as much arginine, but only traces 
of asparagine, glutamine, lysine and tyrosine. In both 
eases, they considered that many other amino acids were 
present, but in amount too small for identification. 

Schulze (286) summarised this work in 1911. Emmer- 
ling ’s assumption that the products translocated from 
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the leaves for seed protein formation were amides and 
amino acids was undoubtedly correct, and the analogy 
with the regeneration of protein in the developing leaflets 
of seedlings, at the expense of the seed protein reserves, 
was a close one. Certain of the necessary products might 
flow directly from the leaves to the ripening seeds, others, 
on the contrary, would pass in via the pods, as Emmer- 
ling had suggested. 

To obtain more direct evidence as to the nature of the 
materials being translocated from the leaves, Schulze 
analysed whole plants of Vida sativa, Trifolkim pratense 
and Medicago sativa at the fruiting stage and found that 
he could isolate only traces of the three protein bases and 
leucine, whereas as much as 40 per cent of the non-protein 
nitrogen present might be due to asparagine (or gluta- 
mine). He had himself shown that the normal asparagine 
content of leaves was low (an observation which has b^een 
repeatedly confirmed by later workers), and drew the 
conclusion that the high asparagine content of the whole 
plant (including roots) was due to the fact that this sub- 
stance was in active translocation through the stems. 

Schulze considered that these researches with ripening 
seeds amply confirmed the general conclusion he had al- 
ready drawn from his work with seedlings, viz., that as- 
paragine and glutamine were the chief products utilised^ 
by the plant for protein regeneration. He would not deny, 
however, that amino acids could also be used for this pur- 
pose, but the fact that certain of them could be found in 
the ripening seed and not in the pod showed, in his opin- 
ion, that they would be utilised very slowly, and the high 
arginine content in unripe pea seeds he regarded as evi- 
dence of synthesis in situ. 

As I have stated before, I prefer Prianischnikow’s 
broader generalisation on the question of protein regen- 
eration, and I agree with him that there is no reason to 
suppose that amino acids cannot be translocated in the 
plant as readily as asparagine or glutamine. The recent 
work of Maskell and Mason (153, 154) with the cotton 
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plant, moreover, in wMeli regional analyses permitted tlie 
calcnlation of concentration gradients, strongly suggests 
that it is the amino and residual nitrogen which is trans- 
ported from the leaves to the boll, and that the concen- 
tration of amides in the stems is due to storage of those 
materials. 

In my previous discussion of Schulze’s views, I pointed 
out that as we now have some knowledge of the amino 
acids required for protein regeneration, we can give, in 
certain instances, a new interpretation to his results. In 
the ease of the pea {Pisum sativum), for instance, the 
leaf and seed proteins are somewhat similar in amino acid 
composition (see p. 83), consequently, if it be assumed 
that the leaves provide part of the nitrogenous mate- 
I rials for protein synthesis in the pods, there seems to 
me no valid reason for Ms suggestion that an extensive 
conversion of amino acid to asparagine should take place. 
On the other hand, with wheat (Triticum sativum), in 
which the major part of the nitrogen uptake from the soil 
normally takes place in the first few weeks of plant 
growth, the conditions are very different. Schulze and 
Winter stein (301) investigated the developing grains at 
the milk stage and could isolate no asparagine or basic 
amino acids at all, only a very small amount of leucine. 
In tMs case the soluble nitrogen passing into the grain 
must have been derived from the leaf proteins and there 
can be no doubt that an extensive interconversion of 
amino acids, probably according to reaction 6 with the 
intermediary production of asparagine and glutamine, 
must have taken place. The proteins of wheat blades have 
not yet been investigated, but those from other Gramineae 
are known to be so alike in amino acid composition that an 
analysis of cocksfoot (Dactylis glomerata) vsdll serve to 
illustrate the point. 

The fact that Schulze and Winterstein could not isolate 
% any asparagine or glutamine is readily explainable in 
terms of Paech’s hypothesis (see pp; 68-70 and footnote 
on p. 68). The wheat grain is rich in starch and relatively 
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poor in protein, so that during development the entry of 
a small amount of “available nitrogen” will be accom- 
panied by a very much larger amount of “active carbohy- 
drate.” The limiting factor will thus be the non-protein 
nitrogenous products, and as soon as these reach a certain 
concentration (too low to permit direct isolation of the 
individual products in the presence of so much sugar), 
they will be immediately used for protein regeneration. A 

TABLE 40. 


(Figures given are in percentages of protein.) 





Wheat grain 

Leaf blades 




Gliadin 

Glutenin 

of cocksfoot 

Ammonia . 



. . 5.22 

4.01 


1.1 

Arginine . 



.. 2.91 

4.72 


8.2 

Histidine . 



.. 1.49 

1.76 


1.5 

Lysine . . . 



.. 0.64 

1.92 


5.3 

Tyrosine . 



, . 3.04 

4.25 


5.0 

Glutamic acid . . . . . 


.. 43.66 

25.7 


14.3 

Aspartic acid . . . . . 


.. 0.8 

2.0 


7.9 

Proline . . 



.. 10.4 

6.0 


2.8 

Leucine .. 



.. 6.62 

6.3 


14.0 

Valine ... 



.. 3.34 

1.0 


6.0 

Alanine . . 



.. 2.0 

6.1 


4.8 

Phenylalanine ..... 


. . 2.35 

2.75 


5.0 
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( Computed from Bishop, 15. ) 




Development of Plumage^ Archer barley grains. 


Age in days 



Per 1000 corns 






Non- 

Salt- 



(Anther 

Total 

Total 

pro- 

soluble 

Hor- 

Glute- 

emergence 

weight 

N 

tein-N 

protein-N 

dein-K 

lin-N 

= 0) 

9- 

9- 

9^ 

9- 

9^ 

9- 

3 

14.05 

0.216 

0.086 

0.068 

0.011 

0.054 

7 

24.68 

0.355 

0.119 

0,057 

0.063 

0.119 

10 

32.92 

0.449 

0.119 

0.116 

0.104 

0.138 

14 

39.35 

0.548 

0.121 

0.105 

0.163 

0.158 

17 

42.42 

0.610 

0.118 

0.121 

0.203 

0.167 

21 

44.81 

0.656 

0.113 

0.122 

0.223 

0.194 

28 

46.21 

0.701 

0.100 

0.123 

0.253 

0.229 
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very neat proof of tMs is provided by Bishop’s (15) 
ful analysis of the developing barley grain. The 
protein nitrogen, which clearly represents the pri 
iroduets of translocation from the blades, never es 
a certain maximum value, and, as more and more < 
the grain during development, it 
synthesis, in a regular manner, of the three const 

proteins. 




CHAPTER VI 


THE PREPARATION OF PROTEINS FROM 

LEAVES 

# 

1. Introduction. 

I N Chapter II, I drew attention to the fact that the 
pioneer researches of Eitthausen on the preparation, 
purification and analysis of seed proteins indirectly 
enabled Schulze to place the whole question of protein 
metabolism in seedlings on a firm chemical basis. Eitt- 
hausen ’s work was greatly extended by Osborne, and we 
now have a fairly adequate knowledge of the various 
classes of proteins present in seeds, and of their indi- 
vidual amino acid composition and biological value as 
food. Coiresponding research on the other parts, espe- 
cially the green parts, of plants has, however, lagged far 
behind, and in the chapter devoted to “The Proteins of 
G-reen Plants ” in the second edition (1924) of his mono- 
graph on vegetable proteins, Osborne could still write as 
follows : 

Various plants contribute large amounts of protein to the ra- 
tion of farm animals but practically nothing is known of the 
chemistry of these proteins, even their proportions not yet being 
established. It is true that the agricultural chemist states the per- 
centages of protein in green fodders, but his analyses are made 
by indirect methods founded on assumptions unsupported by 
satisfactory evidence. A serious gap therefore exists in our 
knowledge of the chemistry of nutrition which makes it impos- 
sible to apply to the practical problems of feeding on the farm 
what has been learned of the nutritive value of the proteins of 
seeds as well as of the protein concentrates. 

Our present meagre knowledge of the protein constituents of 
living plants is chiefly due to the difficulties encountered in sepa- 
ratirg the contents of the cells from the enveloping walls. At- 
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tempts to grind the fresh leaf and extract the contents of the 
cells with water result in mixtures that cannot be filtered clear, 
and consequently appear to present no opportunity to obtain the 
protein in a state fit for chemical examination. Extracting dried 
leaves with water yields solutions containing only a part of the 
total nitrogen, and most of this soluble nitrogen does not belong 
to protein. Such solvents as are generally used for extracting pro- 
teins from animal tissues, or from seeds, fail to dissolve much of 
the residual nitrogen. In consequence of these facts little chemi- 
cal evidence has been obtained as to the nature of the compounds 
containing a large proportion of the nitrogen of any plant. . . . 
It is too early yet to generalise concerning the proteins of green 
plants, but it would appear from what is now known that rela- 
tively small quantities of albumins, globulins and proteoses are 
present in the juice, and that most of the protein is unlike any of 
the native proteins thus far described in its behaviour towards 
acids and alkalis. 

Since Osborne wrote these words in 1923, considerable 
advances have been made, and we are now in possession 
of a fair body of evidence concerning the nature and 
amino acid composition of the proteias which can be ex- 
tracted from the leaves of certain plants, particularly 
those of economic importance as forage. This new knowl- 
edge, some of which is presented for the first time in the 
following pages, will satisfy, I hope, the more immediate 
requirements of the protein and agricultural chemist. 
But much remains to be learned, for the existing methods 
often fad to extract proteins in reasonable degree of pu- 
rity from leaves of many important groups of plants. 
Moreover, the leaf proteins, in contrast to the better- 
known reserve proteins of seeds, are an integral part of a 
complex and carefully controlled mechanism, the proto- 
plasm; consequently, if the plant physiologist is ever to 
be in a position to emulate Lawrence J. Henderson’s bril- 
liant researches on blood and attempt to explain proto- 
plasmic behaviour by considering the protoplast as a 
physico-chemical system — an ideal to which he has not 
yet attained — ^he must know more about the conditions un- 
der which the proteins exist in the living cells. This is a 


PROTEINS OE LEAVES 


121 


difficult problem to investigate, but it is one towards 
wbieb, in my opinion, future research should be directed. 
Such relevant yet admittedly meagre information as we 
already possess has been gleaned from studies which 
have had as their primary object the simple characterisa- 
tion of the extracted proteins, and to present it in its 
right perspective, and, I hope, to stimulate new lines of 
thought, it will be necessary for me to describe these 
studies somewhat extensively. This is the reason, and if 
need be my apology, for the detailed and somewhat dis- 
jointed nature of the subject matter which follows. 

2. Review of the Early Literature. 

In Chapter I, I was able to point to a simple experi- 
ment with vetch seedlings which enabled Piria in 1844 to 
anticipate many of the later conclusions of Pfefifer, 
Schulze, etc., on asparagine metabolism. In the present 
instance I can, likewise, call attention to the work of Rou- 
elle, who, as long ago as 1773, prepared proteins from 
leaves by methods which differ only in detail from those 
used by both Osborne and Schryver as late as 1919. I 
quote again from Osborne’s monograph (189). 

Rouelle [253] announced that [the] glutinous matter, which 
up to that time was known to exist only in the seeds of wheat, 
was present also in the other parts of plants. This he considered 
to he the nutritive substance from which the caseous part of milk 
was derived. He stated that it was insoluble in water and gave 
rise to the same products as the gluten of flour, and also that it 
can be changed into a body having the same odour as cheese, as 
Kessel-Meyer [in 1759] had proved to be the case with wheat 
gluten. 

Later, RoueUe [253] separated this glutinous substance from 
the juice of hemlock by heating to a moderate temperature and 
filtering out the coagulum, which had a bright green colour. He 
also obtained by fractional coagulation a part which contained 
nearly all the colouring matter and, at a higher temperature, a 
part which was nearly free from colouring matter. The colouring 
matter could also be extracted by digesting the coagulum with 
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. alcohol. The protein nature of this substance was proved by the 
products of destructive distillation. Rouelle was, therefore, the 
first to obtain evidence of the wide distribution of protein sub- 
stances in the different parts of plants. 

This historical separation of the proteins of leaves into 
two fractions (really into those of the chloroplasts and of 
the cytoplasm) by fractional heat flocculation is ex- 
tremely interesting in view of the important paper pub- 
lished only this year (1938) by Menke. Rouelle ’s work 
was extended by Fourcroy (84), who described in 1789 
the preparation of what was supposedly pure plant al- 
bumin from the juices of various parts of many plants. 
Probably for the reasons summarised in the citation from 
Osborne’s monograph given above, no further researches 
of note on the preparation and properties of leaf protein 
were made from this early date until 1919. Meanwhile, 
Pfeffer, Schulze, etc., had realised, of course, that the 
proteins of the axial organs of seedlings and of leaves 
probably differed, not only in their properties, but also 
in chemical composition from those present in seeds, but 
fr o m lack of knowledge they could do no more than follow 
Fourcroy and refer to them as “albumin.” 

3. Preliminary Investigations on the Extraction of 
Proteins from Leaves. 

What can be regarded as the first serious attempt to 
prepare the leaf proteins in sufficient quantity for analy- 
sis was made almost simultaneously in 1919 by Osborne 
and Wakeman, who worked with spinach, and by Ohibnall 
and Schryver, who used cabbage. Both groups of workers 
realised that a method which treated whole leaves as a 
single unit could take no account of possible variations 
within individual leaf cells, so that it would be difficult to 
say whether any preparation thus obtained was derived 
from the physiologically active (protoplasmic) part of 
the cell contents or whether it was merely a reserve ma- 
terial analogous to e.g. starch. Such questions, however, 
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were thought at the time to be premature and, in both * 
cases, the aim was merely to obtain a product which could 
be considered sufficiently pure for preliminary chemical 
analysis and which would give some indication of the type 
of protein present in leaves. It was felt that such infor- 
mation would be of great agricultural and dietetieal inter- 
est, even though it might he quite inadequate to help ex- 
plain the protein metabolism of the green leaf itself. 

Osborne and Wakeman (198) found that, by grinding 
fresh spinach leaves with water in a Nixtamal mill and 
centrifuging the mash, a green colloidal solution was ob- 
tained which was free from disintegrated cellular mate- 
rial. The addition of about 20 per cent of alcohol gave a 
voluminous precipitate which consisted of protein, to- 
gether with other constituents of the leaf cells. Part of the 
latter was removed by washing with alcohol and ether, 
and the final product, representing 43 per cent of the total 
leaf nitrogen, contained 14 per cent of nitrogen. Chibnall 
and Schryver (49, 50) worked on similar lines, but the 
leaves were ground with ether-water (to act as a cyto- 
lytic agent) and the green colloidal liquid was expressed 
through muslin in a tincture press. When this liquid was 
heated to about 80° the crude protein was coagulated. The 
yields were much lower than those obtained by Osborne 
and Wakeman, owing to less efficient grinding of the 
leaves. 

Subsequently, Osborne, Wakeman and Leavenworth 
(199) obtained large quantities of protein from lucerne 
(alfalfa) by grinding and pressing out the resulting mash 
through thick filter cloth in a Buchner press. The yellow- 
brown juice thus obtained appeared to be free from 
chloroptyU, and, on the addition of about 20 per cent of 
alcohol, it gave a voluminous precipitate containing 11 
per cent of nitrogen and 12 per cent of ash, comprising a 
mixture of protein, calcium salts of both phosphoric and 
organic acids, pigments, etc. Treatment with 75 per cent 
alcohol containing 0.1 per cent hydrochloric acid gave a 
product which appeared to consist chiefly of the hydro- 
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cUoride of a protein, for it contained 14.6 per cent of ni- 
trogen and 3.5 per cent of chlorine. The behaviour of this 
product towards acids and alkalies was so unlike that ot 
most native proteins as to suggest that it was a combina- 
tion of protein with some, as yet unidentified, complex. 
This view was supported hy the fact that, when the prod- 
uct was boiled with 60 per cent alcohol containing 0.3 per 
cent sodium hydroxide, the combination was apparently 
broken, and the protein, on reprecipitation with acid, now 
contained 16.3 per cent of nitrogen. The new preparation 
was readily soluble in a slight excess of either acid or 
but mild hydrolysis had obviously occurred during 
the boiling with alkali, since 10.3 per cent of the mtrogen 
present in the original product was not precipitated by 
the acid. Analysis by the Hausmann and Kossel-Patten 
procedures gave the following results : 

Protein Nitrogen 
percent percent 

. • w .... 0.96 6.86 

0.60 3.67 

... 3.76 22.98 

^ 

Total nitrogen 16-36 100.00 


Protein 

er cent per cent 

3.19 

2.56 ( containing IST = 0.69 ) 

7.11 ( containing IST = 2.29 ) 

3.34 (containing IST = 0.64) 


Tyrosine 

Histidine 

Arginine • • • 

Lysine 

Total nitrogen of bases 

The press residues, made up 
ter, contaiued about half the t( 

Cold aqueous sodium hydroxide dissolved a small part oi 
this, boiling 60 per cent alcohol containing 0.3 per cen1 
sodium hydroxide dissolved much more, and the final resi 
due contained only 5.9 per cent of the original leaf nitro 
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gen. The aqueous and alcoholic extracts gave impure pro- 
tein precipitates on being neutralised with acid, but much 
of the nitrogen remained in solution, due presumably to 
hydrolytic changes brought about by the alkali. 

Meanwhile, I had been working in Schryver’s labora- 
tory with leaves of the runner b^ean (31). By grinding 
them with water in an end-runner mill and squeezing the 
mash through a small bag of cotton lawn, I had been able 
to separate from the pasty mass of cell-wall debris a 
green extract heavily charged with protein material. 
After repeating the operation six times in all, I had been 
able to separate from 80 per cent to 93 per cent of the 
total leaf nitrogen, depen^ng on the age of the leaves. 
Under the microscope, the extracts showed a clear, almost 
colourless, liquid in which were numerous chloroplast 
fragments in active Brownian movement. On warming to 
coagulate the protein all these fragments were removed. 
The residue of cellular debris, when likewise viewed 
under the microscope, showed occasional lumps of cell 
matter with unruptured cells still containing their proto- 
plasm; in addition numerous shreds of broken cells, 
rarely containing portions of protoplasm, were to be seen. 
It was on this circumstance — ^that the cellular matter was 
not ground to a powder, but was merely ruptured and 
tom, thus setting free the cell contents — ^that the success 
of the method depended, and the completeness of the ex- 
traction was clearly determined by the thoroughness of 
the grinding operations. With small amounts (circa 100- 
200 g.) of fresh leaf material, the yields of protein were 
excellent (75-90 per cent of the total), but the products 
were not very pure, containing only 11-12 per cent of ni- 
trogen and much inorganic material. Details of the sam- 
ples prepared from leaves of various ages are given in 
table 42, the simple analysis by the Hausmann method 
suggesting that the general amino acid composition did 
not vary significantly throughout the life history of the 
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TABLE 42. 
(From CMbnall, 31.) 


Showing the apparent constancy in composition of protein preparations made from 
leaves of the runner hean at intervals throughout the life history of the plant. 


Age of 
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tein-N ex- 
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tein-N (% 

tracted (% 
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In percentages of total-N 
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total dry 
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Amide- 
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Basic- 

in days 

% 

weight) 

protein-N) 

% 

N 

N 

N 

14 

11.4 

3.8 

86.0 

11.4 

7.4 

3.5 

21.6 

21 

13.1 

3.7 

87.5 

11.4 

6.6 

3.5 

22.4 

26 

13.4 

3.6 

88.2 

11.8 

6.7 

3.3 

21.6 

33 

13.2 

3.3 

82.1 

9.7 

6.6 

3.6 

21.0 

46 

15.8 

3.1 

76.8 

10.9 

6.7 

4.2 

20.5 

60 

15.9 

3.5 

81.4 

11.8 

6.4 

3.4 

20.5 

81 

15.5 

3.3 

76.8 

11.7 

6.3 

3.6 

22.0 

37 

16.3 

3.4 

75.1 

11.5 

6.5 

3.8 

21.8 

143 

16.1 

2.9 

77.0 

11.4 

6.4 

3.8 

21.3 


It will be seen that these preliminary experiments with 
spinach, lucerne, cabbage and runner bean, carried out 
between 1919 and 1923, had merely shown that, given ade- 
quate grinding facilities, the major part of the cell con- 
tents, including much protein, could be separated from 
the cell walls, and that the extracts contained protoplas- 
mic (especially chloroplastic) material in colloidal solu- 
tion; preparations of protein of any reasonable degree of 
purity, however, had not been obtained without resort to 
treatment which brought about partial hydrolysis. 

A little later, actually at the time when Osborne was 
writing the 1924 (2d) edition of the monograph, I was 
working in his laboratory on an entirely new method for 
preparing proteins from leaves. 

Extraction of the minced tissue with saline solution un- 
der various conditions had already shown that very little, 
if any, of the protein present belonged to the globulin or 
albumin classes, and, as the preparations which we had 
obtained by simple grinding with water or ether- water, 
i.e. under conditions which precluded hydrolytic break- 
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down, were heavily contaminated with other constituents 
of the leaf cells which, on warming or on the addition of 
alcohol, were precipitated, together with the protein, my 
endeavour was to effect some initial separation of these 
substances before extraction of the protein itself. 

It is well known that if leaves are enveloped in filter 
cloth and pressed, very little “juice” is exuded xmtil the 
pressure becomes very great. The turgid cell protoplasts 
retain their semi-permeability and, if the external pres- 
sure is raised above turgor pressure, they may lose water, 
but very little solutes (see Dixon and Ball, 68, Chibnall 
and Grover, 42 ) ; only when the pressure becomes very 
great do they lose part of the vacuole solutes (see Phillis 
and Mason, 215). To “squeeze” the cell fluids from a leaf 
at all readily, the semi-permeability of the protoplasts 
must be changed, preferably destroyed, as, for instance, 
when leaves are immersed in boiling water. Spinach 
leaves were treated in this way, and the flaccid material 
was enveloped in filter cloth and pressed in a Buchner 
press. This gave a clear brown juice which contained 
some 40 per cent of the total solids of the original leaves. 
Addition of about 20 per cent of alcohol gave a volumi- 
nous white precipitate which had a high ash content and 
contained very little nitrogen. This was clearly the main 
adulterant of the protein preparations described above, 
and suggested that if this clear brown juice could be ex- 
tracted from the leaves under conditions which did not 
cause denaturation or coagulation of the proteins, then 
the press residues of cellular material might, under ap- 
propriate treatment, yield protein preparations much 
purer than we had hitherto secured. 

The problem was therefore one of cell permeability, 
and a procedure applicable to large quantities of leaves 
similar to that of Dixon and Atkins (67), who cytolysed 
small quantities of leaves by immersion in liquid air, was 
sought. Now the anaesthetic action of chloroform and 
ether on plant cells, either as vapour or in aqueous solu- 
tion, had been known to plant physiologists for many 
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years, the increase in permeability ultimately leading to 
the death of the cell. But the extreme ease with which 
these organic liquids themselves can bring about com- 
plete cytolysis did not appear to have been recorded, and 
I sbfin never forget my astonishment when first I im- 
mersed a fresh turgid spinach leaf in ether. It became ex- 
tremely flaccid in a few seconds, started to “bleed” a 
clear brown Juice, and gentle pressure between the palm 
of the hand and the fingers was all that was necessary to 
express more than half the leaf fluid. I then teased out 
some individual cells from fresh spinach leaves. Under 
the microscope they were seen to be turgid, the proto- 
plast, in which the individual ehloroplasts were visible, 
lining the inside of the cell wall. A drop or two of ether 
was then ran between the glass slide and the cover-slip. 
Contraction of the protoplast away from the cell wall to 
about one-half of its original volume was almost instan- 
taneous, and a clear brown fluid, obviously the content of 
the vacuole, was exuded from it. The fluid passed freely 
through the cell wall (Ohibnall, 33). Here, then, was a 
possible method of separating the vacuole and protoplas- 
mic materials of the leaf. 

When this method was applied on a large scale, as I 
shall briefly describe later, the brown press- juice was 
found to contain but little protein, and on the addition 
of about 20 per cent of alcohol a voluminous precipitate, 
similar in composition to that from leaves treated with 
boiling water, was obtained, suggesting that the leaf 
residues would be rich in protein. This was foxmd to be 
the case and, by appropriate treatment, proteins were 
prepared in moderately good yield (34, 46, 47) from 
spinach {Spinacea olerac&a), lucerne (Medicago sativa, 
alfalfa) and Zea Mays. It was pointed out at the time 
that the method adopted really separated the proteins of 
the leaf into three fractions: (1) a water-soluble protein 
which appeared to be an integral part of the cytoplasm, 
(2) a water-soluble (colloidal) fraction containing pro- 
tein which seemed to be in some loose combination with 
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lipoids and (3) a very small amount of protein wMcli 
might be regarded as a constituent of the cell vacnoles. 
Attention was, however, directed almost exclusively to 
fraction (1), for the nitrogen content of these proteins 
was high {circa 16 per cent) and they were pure enough 
to satisfy the immediate requirement, namely, a prelimi- 
nary examination of their physical and chemical prop- 
erties. Fraction (2) was, nevertheless, by far the most 
interesting from the physiological standpoint, since it ob- 
viously contained all, or nearly all, of the ehloroplast ma- 
terial, but at the time I could not be certain that part was 
not of nuclear or cytoplasmic origin, and, although since 
that time much evidence concerning its chemical composi- 
tion has slowly accumulated in my laboratory, I have been 
disinclined to publish any results until a separate investi- 
gation on more cytological lines had at least shown that 
my surmise — ^that it was essentially ehloroplast material 
— ^was not wholly incorrect. The necessary information 
has fortunately been provided quite recently by Menke, 
who has been working in Noack’s laboratory at Berlin- 
Dahlem during the past few years on cytological and 
chemical studies of chloroplasts (160, 161, 162), and I can 
re-state or re-interpret much of my earlier data more con- 
vincingly if I first of aU give an account of his work. 

4. Definitions of Terms Used in Subsequent Discussions. 

In the green leaf the individual cell (protoplast) is en- 
closed by a cellulose wall and, in its simplest form, con- 
sists of a peripheral layer of protoplasm (living matter) 
surroimding a large vacuole or sap cavity. The cyto- 
plasm,* which is the general ground-mass of the proto- 
plasm, is a more or less transparent viscid liquid and in 
it are imbedded the nucleus, numerous chloroplasts and 

* In previous publications I have used Strassburger^s term cytoplasm 
to embrace all components (including chloroplasts) of the protoplasm 
except the nucleus. Modern cytological terminology (ef. Sharp, 307), 
which differentiates the chloroplasts, is preferable. 
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other (minor) inclusions. Chemically, the cytoplasm and 
its attendant organs are emulsion structures of protein, 
lipoid, pentosans, etc., while the vacuolar sap is a solution 
of inorganic salts, sugar, amino acids and other products 
of relatively low molecular weight, whose osmotic action 
in the vascular sap maintains the turgidity of the cell. As 
Phillis and Mason (215) have recently shown, some of 
these solutes, in selective and varying concentrations, are 
also present in the continuous phases (the “vitaids” of 
LepeschMn, 137) of the living protoplasm and as such 
must undoubtedly be regarded as essential constituents of 
the latter. 

On the death of the cell, the viscosity of the cytoplasm 
may change, due, according to LepeschMn, to the disin- 
tegration of the “vitaids,” and the (fluid) emulsion may 
pass into what is usually regarded as a gel; some such 
change may take place also in the nucleus and chloro- 
plasts. As I shall show later, this emulsion or gel can be 
extracted in a variety of ways from the leaf cells and 
separated from the vacuolar sap, but in the process the 
simple solutes originally present in the living proto- 
plasm are partly or wholly removed also. It is with this 
“washed’' emulsion or gel that I am chiefly concerned in 
the account which follows, and since the material is noth- 
ing more than a mixture of the colloidal constituents of 
dead protoplasm, the cytologist has naturally, but to my 
regret, no term by wMch I can correctly refer to it. Yet 
some word or brief expression to embrace collectively all 
the products present is necessary for my purpose, and I 
feel I can do no better than follow the example of those 
few biologists who have been interested in similar re- 
searches, and refer to the emulsion or gel and also its 
morphological components as protoplasmic, cytoplasmic, 
nuclear and chloroplastic material, respectively; it being 
understood that the use of these terms implies that any 
simple water-soluble constituents of low molecular weight 
may have been partly or wholly removed during the 
course of preparation. 
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5. Menke’s Separation of Cytoplasmic and Chloroplastic 
Material from Spinach Leaves. 

Menke’s (162) method of separating protoplasmic ma- 
terial from leaves was a development of that of Noaek 
(187), who showed that the green aqueous extracts made 
by grinding spinach leaves with water would deposit 
chloroplastic material on centrifuging, and relied partly 
on the observations of Andrews (3) and Kiister (130) 
that cell nuclei are denser than the remaining proto- 
plasm. Briefly, the leaves were first ground with water to 
extract the cell contents, the mash was passed through fil- 
ter cloth to remove the cellular residue, and the green ex- 
tract was centrifuged for a short time to remove nuclear 
and cell-wall material. When observed under the micro- 
scope, the extract thus obtained showed green droplets in 
strong Brownian movement. Trial experiments showed 
that the chloroplastic material could be flocculated by 
adding ammonium sulphate to 25 per cent concentration, 
and, after the precipitate had been removed by filtration, 
the clear brown filtrate on being warmed to 75° gave a 
heavy, almost colourless coagulum of cytoplasmic mate- 
rial. 

Confirmation that the two products separated in this 
way represented chloroplastic and cytoplasmic material, 
respectively, was obtained by following the effect in the 
living cell under the microscope (dark-&ld illumination). 
With this concentration of ammonium sulphate, the chlo- 
roplasts were the first part to be coagulated, and only 
very slowly was the cytoplasm affected, the differentia- 
tion being especially marked in the case of Spirogyra, but 
observable in the leaf cells of spinach. 

The preparations of chloroplastic and cytoplasmic ma- 
terial, after suitable washing to free them from ammo- 
nium sulphate, were extracted with ether and ether- 
alcohol in succession to remove lipoids.* The lipoid-free 

• Chibnall and Channon (41) voiced objections to the use of the term 
“lipoid” in the ease of ether-extracts from leaves, which contain ehloro- 
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TABLE 43. 

{From Menke, 162.) 

Analysis of cMoroplastic and cytoplasmic material prepared hy various 
methods from spinach leaves. 

CHoroplastie 

How Protein Residual cytoplasmic 

Material separated (NX ^*25) Lipoid Ash material ratio 


A. Chloro- 25% Ammonium 

plastic sulphate 53.4 

B. Cyto- Warming to 75° 91.9 

plasmie 

C. Chloro- Acidification with 

plastic HCl to pH 5.8 57.6 

D. Cyto- Treatment with 

plasmie alcohol 95.2 

E. Chloro- 
plastic 

F. Cyto- 
plasmic 

G-. Chloro- Centrifuging 47.7 30.8 17.8 3.7 

plastic 

residues coutained 12.7 per cent and 14.7 per cent of ni- 
trogen, respectively. Further analytical data are given in 
table 43 (A and B). 

In other experiments — ^for full details of which the 
original paper must be consulted — ^the procedure was 
shortened by non-quantitative extraction of the leaf prod- 
ucts, and various reagents were used to precipitate (in 
succession) the chloroplastie and cytoplasmic material, 
respectively (C, D, E and F, table 43). The chloroplastie 
material was also prepared in low yield (about 18 per 
cent) by centrifuging* (G-, table 43). 

plastic pigments. The term is used here for simplicity and to avoid con- 
fusion in comparing results with those of Menke. 

*Menke centrifuged in a cup of 20 cm. diameter rotating at 4000 
r.p.m. Using an International Equipment Company high-speed centri- 
fuge at 18,000 r.p.m., I find that the whole of the chloroplastie material 
is removed in about 3 hours. 


Acidification with 
COg to pH 5.8 
Acidification with 
HCl 


PROTEINS OF LEAVES 


133 


It "will be seen that in each experiment, practically the 
whole of the lipoid is found in the ehloroplastic fraction, 
and Menke infers from this resnlt that the cytoplasm 
contains only a trace of lipoid. With this conclusion I am 
not in entire agreement. Cytoplasm undoubtedly resem- 
bles in some of its properties an oil (lipoid) in water 
(protein) emulsion, and, on the death of the protoplast 
through the mechanical injury, this emulsion is broken, 
with the result that, in the case of spinach leaves, the 
constituent proteins are “dissolved.” At the same time 
the lipoid, if present to any appreciable extent, would 
separate as a discrete phase to coalesce into microscopic 
or sub-microscopic droplets which would exhibit Brown- 
ian movement. In my opinion, therefore, it does not neces- 
sarily follow that all the particles showing Brownian 
movement in Menke ’s leaf-cell plasma were of chloro- 
plastic origin, although all of them would have been car- 
ried down in the flocculum of what he regards as chloro- 
plastic material. Nevertheless, I do not doubt that the 
major part of the lipoid in this fraction is of true chloro- 
plastic origin, otherwise the proportion of protein to lip- 
oid in preparation G, which must have consisted solely of 
larger fragments of these organs, would have been greater 
than in A, C and E, respectively, and the data in table 43 
show, if the differences are significant, the reverse trend. 
With this reservation, I accept Menke ’s conclusions and 
interpret my own results accordingly. 

Menke ’s preparations of protein material were insolu- 
ble in water, dilute alkali and dilute acid — due, there is 
no doubt, to denaturation when lipoids were removed by 
organic solvents. They were, in fact, similar to those of 
Osborne and Wakeman (198), which consisted of the 


whole protoplasmic material prepared by essentially the 
same method. Following the procedure of the latter work- 



ers, Menke was able to obtain purer, but undoubtedly 
hydrolysed, products by treatment with 60 ^r cent alco- 
hol containing 0.3 per cent NaOH,, an'd^i|. J^p^lJcytopM 
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mie and cliloroplastie protein preparations contained 16.3 
per cent and 13.8 per cent of nitrogen, respectively. 

I shall have occasion to discuss some of these results 
again later; meanwhile, the chief point I wish to empha- 
sise is Me n h e’s clear demonstration that the droplets (the 
larger of which appear to be green) that are observed to 
be in rapid Brownian movement, when cell-free extracts 
from disintegrated leaves are examined under the micro- 
scope, consist (with the reservation stated above) essen- 
tially of chloroplastic fragments, and that the cytoplas- 
mic proteins have passed into clear aqueous solution. My 
own observations with spinach leaves had long since led 
me to similar conclusions, but without the ad hoc evidence 
now presented by Menke, especially his convincing dem- 
onstration with living cells treated with 25 per cent am- 
monium sulphate, I could only regard them as provisional. 

6. The Ether Method for Preparing Cytoplasmic 
Proteins from Leaves. 

Reverting to my previous discussion (p. 128) of the 
ether method for preparing proteins from spinach leaves 
(33, 34), I should like to give now a new interpretation, 
based partly on the foregoing work of Menke, of what 
takes place at various stages in the procedure. The leaves 
are first cytolysed with ether. On cytolysis, the cell proto- 
plasts collapse to about half their original volume and be- 
come freely permeable to the aqueous contents of the 
vacuoles. The cellulose cell wall is freely permeable, con- 
sequently the cells lose their turgidity and become flaccid. 
The leaves are next enveloped in filter cloth and pressed 
in the Buchner press. The cells become flattened, but the 
cellulose wall is not broken, so that the aqueous liquid 
which is forced through it will contain only those water- 
soluble constituents of the cell whose molecules are suffi- 
ciently small to permit them freely to diffuse through the 
pores of the cellulose waiU, which serves, in fact, as a very 
convenient ultra-filter. These pores must be of relatively 
large diameter, for in the ease of spinach and lucerne a 
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small amount of water-soluble protein passes tbrougb, 
and tbe material held back is, at this stage, essentially the 
colloidal components of the protoplasm. The press extract 
thus obtained is a clear brown fluid, while the residue 
within the flattened cells is a green gel. On removal from 
the press, the flattened leaves readily imbibe water and 
swell up very nearly to their original volume. By alter- 
nate pressing and soaking in water the true water-soluble 
constituents of the leaf cells can be readily washed away. 

At this stage, then, we have a cellular residue contain- 
ing colloidal protoplasmic material that has been washed 
free from diffusible substances, and an aqueous extract 
containing the vacuole solutes, any diffusible material of 
the protoplasm and, in some instances, the vacuolar pro- 
tein, as I regard it. The leaf residues are next ground in 
a meat chopper with water. A certain proportion of the 
cells are now torn open and the green gel of protoplasmic 
material is dispersed — ^the fragments of chloroplasts and 
nuclear material into colloidal solution, as shown by the 
fact that under the microscope numerous droplets are ob- 
served in rapid Brownian movement (the reservation 
mth regard to cytoplasmic lipoid mentioned earlier, 
p. 133, applies here also), and the cytoplasmic proteins 
into what is virtually a true solution — ^probably brought 
about by an increase in hydrogen-ion concentration con- 
sequent on the manifold increase in volume of solvent and 
the almost complete absence of inorganic buffers. The 
cell- wall material is then removed by squeezing the mix- 
ture through silk gauze. 

In one particular experiment (34), 22.64 kg. of fresh 
spinach leaves, taken from a farm near New Haven on 
18th June, 1924, gave (after treatment with ether) 20.7 
litres of press-juice from which, by heating to 85°, 10.7 g. 
of vacuolar protein containing (ash free) 14.0 per cent ni- 
trogen were obtained. This product represented only 2.4 
per cent of the total leaf protein, and, as its amino acid 
composition differed from that of the cytoplasmic and 
chloroplastie proteius, I refer to it for convenience as the 
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“vacuolar” protein. There is no evidence, of course, to 
show whether it was originally present in the vacuolar 
fluid or had been washed out of the protoplasm. A simi- 
lar product, hut in even smaller yield, was obtained from 
lucerne (Medicago sativa, alfalfa) (46), while every other 
plant that I have so far examined has given none at all.* 
After grinding the leaf residues with water, 25 litres of 
green colloidal extract were obtained. One half of this was 
treated directly with acid to flocculate the total protoplas- 
mic material (K, table 44) ; the other half was filtered 
through paper pulp, which held back the nuclearf and 
chloroplastie material, and the clear brown filtrate was 
treated with acid to flocculate the cytoplasmic material 
(H, table 44). Both products were then washed with alco- 
hol and ether to remove lipoids. 

TABLE 44. 

(From Chibnall, 34, and unpublished data.) 

Treparation of chloroplastie and cytoplasmic material from 
spinach leaves hy the ether method. 


H K L 

Representing 11.32 Cytoplasmic Protoplasmic Chloroplastie 

kg. (720 g. dry weight) material material material 

of spinach leaves (1) (2) (2 1) 

g, g. §, 

Protein (N X 6.25) 35.0 67.15 32.15 

Lipoid 0.7 21.08 20.38 

Ash 0.58 14.29 13.71 

Residual nil 14.96 14,96 


By difference, the weight of chloroplastie material 
(L, table 44) can be calculated and hence the data given 
in table 45, which permit of direct comparison with 
Menke (table 43). 

*Kiesel et dl, (118) record the presence of a small amount of 
vacuolar” protein in the leaves of the watermelon {CitruUus sp,) but 
could find none in the leaves of potato, sugar beet and beet-root. 

1 1 find, in agreement with Menke, that the amount of nuclear mate- 
rial in leaves is extremely small and in the discussions which follow it is 
not differentiated from the eWoroplastic material. 



PROTEINS OF LEAVES 


137 


TABLE 45. 

CMoro plastic and cytoplasmic material from spinach leaves. 

H L' .... 

Cytoplasmie CMoroplastic 



material 

material 


% 

% 

Protein (N X ^-25) 

96.5 

39.6 

Lipoid 

1.9 

25.1 

Ash - 

1.6 

16.9 

Residual 

nil 

18.4 


Tlie cHoroplastic : cytoplasmic ratio is 2.3 : 1. 


Two points may be noted here : (1) the cytoplasmic pro- 
tein contained (ash free) 16.25 per cent nitrogen and was, 
chemically, a far purer product than any prepared by 
Menke or by the earlier methods of Osborne, or of Schry- 
ver and Chibnall. This is due, as I stated before, to the 
removal of contaminating substances in the juice ex- 
pressed from the leaves immediately following the ether 
treatment : these substances were then in true aqueous so- 
lution, and it appears to me an open question, which I 
need not discuss further, whether they should be regarded 
as constituents of the vacuole or of the protoplasm. (2) 
The chloroplastic material contains a high proportion of 
ash and unidentified products. The former is definitely 
due in part to soil particles from the surface of the leaves 
(high silica content, compare also the high ash of Menke 's 
product G-, table 43, obtained in very small yield by cen- 
trifuging), and the latter in part to fine fragments of cell 
material that had passed through the silk gauze used for 
separating the extract. Menke ’s products also contain 
varying amounts of ash and unidentified products, due to 
different procedures in preparation, and a better com- 
parison of our results can be obtained from a simple 
protein-lipoid ratio. 

These results, taken in conjunction with the fact that in 
each case the cytoplasmie material was practically free 
from lipoid, show that Menke ’s various treatments and 
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the ether-method lead to substantially the same sharp 
separation of ehloroplastio from cytoplasmic material. 


TABLE 46. 


Proteirirlipoid ratios in various preparations of chloro plastic 
material from spinach leaves, 

(In percentages of total protein + lipoid) 

Meiake^s products CMbnall^s product 
(cf. table 43) 


A C E G L 

Protein (N X 6.25) .. . . 62.0 66.0 64.0 60.8 61.2 

Lipoid 38.0 34.0 36,0 39.2 38.8 


One other point should be mentioned here. Menke’s 
preparations A and B represent an extraction of over 90 
per cent of the protoplasmic gel, G only 15 per cent, while 
C to F are “ non-quantitative.” My own, H and K, by the 
ether method, represent 40 per cent. The unextracted 
protoplasmic gel is located almost entirely in cells that 
have remained imopened during the grinding operations, 
and in my previous publications I have always insisted 
that there was no reason for supposing that it differed 
significantly in composition from that extracted from the 
opened cells. The data given in table 46 support this con- 
tention, as do certain amino acid analyses quoted later 
(table 55). 


7. The Proteins of Spinach Leaves. 

Methods of protein analysis. The particular sample of 
cytoplasmic material H mentioned in the foregoing sec- 
tion had a high nitrogen content (16.25 per cent, ash free) 
and consisted essentiaOy of protein. It gave no Moliseh 
test for carbohydrate, no furfural on distillation with 
hydrochloric acid (Tollens) and was considered at the 
time to be a pure preparation of one or more proteins. 
Ten preparations made since then have given very similar 
products, but the nitrogen content has always been lower 
(15.3-15.8 per cent, ash free), the Moliseh test being 
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faintly positive and the Tollens test giving furfural 
equivalent to about 2 per cent of pentosan. With other 
leaves, as I shall show later, even greater variations in 
nitrogen content have been found (14.4-16.7 per cent), 
and no amount of purification by a method which would 
preclude even mild hydrolysis (solution in minimum 
quantity of alkali, followed by filtration through a thick 
pad of paper pulp and reprecipitation with the minimum 
quantity of acid) was successful in removing the impu- 
rity that was obviously present. In these preparations, 
also, an estimation of furfural suggested only 1.5-2.5 per 
cent pentosan, independent of the actual amount of im- 
purity known to be present. The chemical nature of this 
impurity long eluded me, but I was convinced that it could 
not be an integral part of the protein (a prosthetic 
group), since the amount present in preparations from 
any particular leaf varied fortuitously (171). It was obvi- 
ously some highly hydrated, probably colloidal, product 
of large molecular weight, which followed the protein in 
and out of solution, and in recent years it has become 
clear from the work of Bailey and Lugg (see Appendix 1) 
that it consists of material (e.g. mucilage, pentosan) 
which gives rise to much furfural on acid hydrolysis. The 
presence of pentosans in leaves is, of course, well known, 
and the important role they play in the activities of the 
plant cell was emphasised strongly by Spoehr (313) and 
MacDougal (147), who speak (148) of plant protoplasm 
as “an intermeshed pentosan-protein colloid.” My own 
results bear striking testimony to the truth of this state- 
ment. 

The partial destruction of proteins and certain amino 
acids, when these are boiled with strong mineral acid in 
the presence of pentoses, has been investigated by many 
workers in the past, but the literature gives no clear indi- 
cation that under these conditions the Tollens estimation 
yields practically no furfural at all. This misled me for 
some years, as most of my protein preparations clearly 
contained 15-25 per cent of some extraneous material. 
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and, as I have stated before, the Tollens procedure sug- 
gested only 1.5-2.5 per cent pentosan. It was not until we 
bad realised that all these protein preparations must be 
relatively rich in pentosans that we could understand the 
reason why they all gave, on acid hydrolysis, such large 
amounts of humin. This humin contains much nitrogen 
and sulphur, and it arises not only from polymerisation 
of the furfural, but also from its condensation products 
formed during the destruction of the liberated cystine 
(particularly), methionine, tyrosine, tryptophan, arginine 
and histidine. This finding has necessitated a careful re- 
examination of the methods to be used in the estimation 
of these particular amino acids, a brief account of which 
is given in Appendices 1 and 2. Fortunately, three amino 
acids, lysine after acid hydrolysis, and both tyrosine and 
tryptophan after alkaline hydrolysis, can be accurately 
estimated in protein preparations that contain as much as 
200 per cent of extraneous pentosan and hexosan adulter- 
ants and are thus available for the characterisation of the 
protein remaining in leaf residues, or even in leaf mate- 
rial from which ^1 water-soluble non-protein substances 
have been extracted. I hske felt it necessary to call atten- 
tion here to these analytical difficulties, because ail my 
previous leaf-protein analyses (34, 38, 43, 45, 46, 47, 171, 
220) are hereby withdrawn, and in those cases in which 
sufficient material has been available, new analyses by 
Lugg and Tristram are now substituted. 

Cytoplasmic protein. Cytoplasmic material H (table 44) 
consisted essentially of protein, although small amounts 
of both lipoid and pentosan were also present. The lipoid- 
free material contained 16.25 per cent nitrogen, 1.19 per 
cent sulphur and 0.13 per cent phosphorus. The last value 
suggests the possible presence of a small amount of nu- 
cleic acid, but deliberate search for the nuclear bases has 
always given a negative result. 

CMoroplastic protein. Preparation K (table 44) repre- 
sented the whole protoplasmic material. The lipoid-free 
product contained 11,2 per cent nitrogen and 14.8 per cent 
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ash and the large amount of humin formed on acid hy- 
drolysis suggests that the major part of the other organic 
material present must he of pentosan and hexosan na- 
ture. The proteins present are those of both the cyto- 
plasm and chloroplasts, and the amino acid composition 
of the' latter was obtained by difference. There is a sig- 
nificant variation in the content of lysine (especially) and 
histidine. 


TABLE 47. 

Amino acid analyses of the three constituent proteins of spinach leaves. 
(Pigfures given are in percentages of total protein-N.) 

Vacuolar Cytoplasmic CHoroplastic 

protein protein protein 


Amide-N 5.8 5.6 5.1 

Arginine-N 11.2 141 13.9 

Histidine-N 2.0 2.2 3.3 

Lysine-N 7.3 6.2 47 

Tyrosine-N 2.6 2.7 2.6 

Tryptophan-N 1.4 1.7 1.7 

Cystine-N 1.4 1.4 1.2 

MetHonine-N 1.1 1.3 1.3 

Aspartic acid-N" 5.5 5.8 

Glutamic aeid-N * 6.5 6.5 



8. Properties and Amino Acid Analyses of the Cytoplasmic 
Proteins from Leaves of Various Herbaceous Plants. 

By the ether method outlined above, cytoplasmic pro- 
teins were obtained in varying yields from the leaves of 
twelve herbaceous plants, as shown in table 48, the ab- 
sence of all but a trace of chlorophyll in the alcohol and 
ether washings of the flocculated preparations showing 
that no appreciable amount of chloroplast material was 
present. 

Although direct supporting evidence is lacking, I think 
there can be no doubt that these preparations are really 
mixtures of many proteins which have similar solubility 
properties. This is patently so from the fact that they 
represent the protein fraction of the cytoplasm, itself a 
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TABLE 48. 


(From Chibnail and Grover, 42.) 

BetaiU of cytoplasmic proteins prepared from various leaves. 


Species 

Spinacea oleraeea (spinach) 

Vida Fab a (broad bean) 

Phaseolus multiflorus (scarlet runner) 

Seracleum SpJiondylium (cow parsnip) 

Medicago sativa (lucerne, alfalfa) 

Crambe cordifolia 

Brassica oleraeea (cabbage) 

Zea Mays (maize) 

Cochlearia Armor acia (horse-radish) 

Tetragonia expans a (New Zealand spinach) . 

Ficus Cariea (fig) 

Bioinus communis (castor bean) 


Protein (ash 

Leaf sap 

free) N 

pH 

% 


. 16.25 

6,57 

. 16.77 

5.67 

. 15.85 

6.0 

. 15.9 

6.19 

. 15.76 

5.67 

. 15.7 

5.56 

. 14.65 

5.6 

. 14.4 

5.66 

. 14.37 

5.4 

. 14.46 

6.06 

. 13.4 

6.8 

. 12.55 

« , 


complex organisation wMch I have treated, for conven- 
ience, as a homogeneous constituent. Furthermore, when 
kept for any length of time under sterile conditions, either 
in aqueous solution or in the highly hydrated form follow- 
ing precipitation at the isoelectric point, they undergo 
slow auto-digestion, showing the presence therein of in- 
tracellular enzymes, and hence of foreign protein mate- 
rial. In spite of these facts, however, it is convenient, at 
the present stage of the investigation, to consider these 
preparations as chemical entities, and, since they are in- 
soluble in water but soluble in slight excess of either acid 
or alkali, they can be classified as glutelins. 

Amino acid analyses of such preparations as were 
available have been made recently and are given in table 
49. Considering that the proteins were prepared from 
leaves belonging to five separate plant families, the dif- 
ferences to be observed are strikingly small, even though 
they are proteins of the same class (cf. the seed globu- 
lins), and aU of them differ markedly in composition from 
typical seed glutelins such as the glutenin of wheat flour. 
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TABLE 49. 

(Prom Lugg, 146b, Tristram, 325, and unpublished data.) 
Amino acid analyses of various leaf cytoplasmic proteins. 
(Figures given are in percentages of total protein-N.) 


Species : 

Spinacea 

Zea 

Bicinus 

communis 

Cochlearia 
Armor acia 

Cramhe 

Phaseolus 

multi- 

florus 


oleracea 

Mays 

(castor 

(horse- 

eordi- 

(scarlet 


(spinach) 

(maize) 

bean) 

radish) 

folia 

runner) 

Amide-N 

5.6 

5.4 

5.1 

« 

- 

5.4 

Arginine-N 

14.1 

14.4 

12.9 

13.9 

- 

14.9 

Histidine-N ■ 

2.2 

2.1 

2.2 

1.5 

- 

2.6 

Lysine-N 

6.2 

6.1 

6.5 

4.95 

- 

6.1 

Tyrosine-N 

2.7 

2.3 

2.6 

2.7 

2.4 

2.5 

Tryptophan-N 

1.7 

1.6 

1.7 

1.8 

1.6 

1.6 

Cystine-ISr 

1.4 

1.1 

1.5 

1.45 

1.2 

1.1 

Methionine-N 

1.3 

1.3 

1.45 

1.35 

1.2 

1.1 

Aspartic aeid-N 

5.5 

- 

5.6 



5,2. 

Glutamic acid-N 

6.5 

- 

6.7 


- 

6.7 

Protein (ash free) 

N, % 16.25 

14.4 

12.75 

14.1 

15.7 

14.4 


■Within the limits pH 4.0 and pH 5.0, which can be con- 
sidered their isoelectric point (or, better, range), the solu- 
bility of the proteins, when hydrated, is at a minimum and 
in the case of spinach is of the order 0,0014 per cent. Be- 
low pH 4.0, the proteins are slowly soluble, the solubility 
increasing with decrease of pH to 2.5, beyond which they 
are again slowly precipitated. In such an acid solution, 
the proteins are sensitive to the presence of salts, though 
not all to the same degree. The protein from spinach is 
sparingly soluble at about pH 3.0 in the vacuolar sap 
from the same leaves, whereas those from cabbage and 
horse-radish will not dissolve in an acid solution contain- 
ing as little as M/50 sodium chloride. Above pH 5.0, the 
proteins are readily and increasingly soluble with de- 
crease of (H+), and are precipitated from solution only 
by salts such as are used for this purpose in general pro- 
tein chemistry (ammonium sulphate, etc.), and the effect 
may here be due to increase of (H'*'). Treatment of the 
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precipitated products with alcohol aud ether to obtain dry 
preparations causes denaturation. 

The reaction of the leaf extracts from which these pro- 
teins were prepared varied from pH 6.87, in the ease of 
the fig, to pH 5.37, in the case of horse-radish, so that the 
proteins were present in the cytolysed cells and almost 
certainly also in the living cells, as anions, although at a 
(H+) not far removed from that of their isoelectric point. 

As components of a physico-chemical system (cf. 
p. 120), the acid- and base-binding capacities of these pro- 
teins are of interest, and they have been calculated in two 
cases from the known content of basic and dicarboxylic 
acids. The results are given in table 50, together with 
those of a typical globulin and albumin. 


TABLE 50. 

Potential acid- and base-binding capacities of the cytoplasmic proteins. 
Amino acids (mols X 10'®) in 1 gr. of protein. 



Edestin 

Oval- 

bumin 

Gyto- 

plasmic 

protein 

from 

spinach 

Cytoplasmic 

protein 

from 

Rieinus 

communis 

Arginine 

90.9 

32.0 

42.8 

39.2 

Histidine ............. 

13.4 

9.0 

8.9 

8.9 

Lysine 

15.0 

34.0 

37.6 

39.5 

Total base 

119.3 

75.0 

89.3 

87.6 

Glutamic acid 

132.9* 

95.9* 

79.1 

81.6 

Aspartic acid 

82.2* 

53.9* 

66.6 

67.9 

Amide-bound acids .... 

129.2 

70.0 

68.0 

61.9 

Free dicarboxylic acids 

85.9 

79.3 

77.7 

87,6 


* New determinations in my laboratory. 


CHAPTER VII 


THE PROTEINS OF PASTURE PLANTS 

1. Limiiations of the Ether Method for Preparing Proteins from 
Leaves; Recent Researches of Foreman. 

AS I stated in the last chapter, the yield of cytoplas- 
/% mic protein obtained by the ether method varied 

-i from plant to plant, and in a great many cases no 

protein could be obtained at all. The latter was true of 
plants of economic importance, such as the forage grasses, 
in which I have been interested during the past few years, 
and the problem of having to devise methods to overcome 
this difficulty has been in part responsible for the slow 
progress made in these leaf -protein studies. The time has 
been well spent, however, because the newer methods have 
given clear aqueous extracts containing protein in a rea- 
sonable state of purity which is now known to be derived 
from both the cytoplasm and the chloroplasts. We have 
thus for the first time been able to gain some insight into 
the behaviour of the chloroplastic proteins in solution. 

The reason for these vicarious yields is that in certain 
cases the protoplasmic gel obtained after cytolysis, when 
washed free from vacuole solutes, etc., no longer dis- 
perses freely into colloidal solution when the cells are 
opened by grinding. It must, therefore, be in a different 
state of aggregation from that appertaining to e.g. spin- 
ach leaves. Brief consideration will show that this might 
be due to the vacuole fluids in the living cell having a very 
high (H+), so that after cytolysis, which brings all the cell 
contents to the same (H+), that of the protoplasm may 
have been increased from (say) pH 5.7 to between pH 5 
and pH 4, the region within which its constituent proteins 
are practically insoluble. It is not surprising, therefore, 
that rhubarb leaves, for example, in which the sap, after 
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cytolysis, is at pH 4,0, should give no cytoplasmic pro- 
tein at all. But in a large number of cases this simple ex- 
planation will not suffice, as can be seen from a study of 
table 51, 

TABLE 51. 

(Prom CMbnall and Grover, 42.) 

Comparison of the yield of cytoplasmic protein obtained 
from various leaves. 

pH of 


eytolysed 

Method A 

Method B 

Species 

leaves 

% 

% 

Ficm Carica (fig) 

6.85 

1.5 

- 

Spinacea oleraeea (spinach) 

6.57 

14.1 

16.7 

Heracleum sphondylium (cow parsnip) 

6.30 

5.1 

- 

Tetragonia expansa (New Zealand 
spinach) 

6.08 

4.5 

17.5 

Phaseolus multiflorm (scarlet runner) 

6.00 

16.0 

16.4 

Vida Faha (broad bean) 

5.67 

4.0 

- 

Medicago sativa (lucerne, alfalfa) . . . 

5.67 

8.6 

15.1 

Zea Mays (maize) 

5.66 

12.0 

- 

Brassica oleraeea (cabbage) “un- 
headed” 

5.60 

4.0 

15.4 

Cramhe cor difolia 

5.50 

6.0 

27.0 

Cochlearia Armoracia (horse-radish) 

5.4-5.5 

1.0 

19.4 


Yet many of these leaves can be shown to contain abun- 
dant cytoplasmic protein. If, instead of treating them 
with ether (Method A, table 51), they are at once minced 
with water and the green colloidal extract filtered through 
paper pulp, a clear brown filtrate is obtained which gives 
a heavy, grey coagulum of cytoplasmic material on heat- 
ing (Method B). These preparations generally have a 
lower nitrogen content than those made by Method A, but 
the proportion of the total leaf-protein nitrogen repre- 
sented is often very much greater, as shown in table 51. 
Compare, for instance, the leaves of New Zealand spinach 
and scarlet runner, both of which give a sap after eytoly- 
sis of about pH 6, and are therefore comparable in so far 
as the effect of alkalinity on the solubility of the proteins 
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is concerned. In the former ease, the yield of protein by 
Method B is four times that of Method A, yet in the latter 
the yields are equally good by both methods. What is the 
explanation of these variable yields which in the past 
have made research on leaf proteins so exasperatingly 
uncertain? Why do certain leaves, for example. Wistaria 
chinensis, with a sap after cytolysis as alkaline as pH 5.7, 
give no cytoplasmic protein at all, even by Method B? 

On ether cytolysis, the cell protoplasts suddenly con- 
tract to about half their original size and vacuolar sap is 
exuded. This contraction is undoubtedly accompanied by 
an actual decrease in the volume of the protoplasm and, 
as the ehloroplasts contain such a high proportion of 
lipoid, the water lost must come in large part from the 
cytoplasm. The concentration of protein, pentosan, etc., in 
the latter will accordingly be raised, and there will thus be 
an increase in viscosity which may give rise to a gel of 
such rigidity that it does not readily disperse into solu- 
tion when churned up with water. If, on the other hand, 
the untreated leaves are passed straight through the 
mincing machine, the cytoplasm, being still in its original, 
highly hydrated state, can readily disperse. The different 
amounts of cytoplasmic protein given by Methods A and 
B, therefore, may be due to nothing more than the diffi- 
culty of effecting solution in the former case. Such a sim- 
ple explanation, however, will not meet many of the diffi- 
culties encountered by those who have attempted to 
prepare proteins from numerous different types of leaves, 
and it is for this reason that I think Foreman’s recent 
studies should be given serious consideration. 

Foreman (83) has applied the ether method to the 
preparation of proteins from perennial rye-grass and 
wild white clover at intervals throughout a season’s 
growth. In keeping with the experience of MiUer and 
Chibnall (171), he found that the yields were low, but 
they could be improved somewhat by preliminary wash- 
ing of the cytolysed leaf residues (before the grinding 
stage) with saturated aqueous ammonium sulphate. The 



148 PROTEIN METABOLISM IN THE PLANT 

filtered solution of protein ultimately obtained was ex- 
tremely clear and very nearly colourless. Tbe nitrogen 
content of tbe dried and asb-free preparations varied be- 
tween 11.3 per cent and 14.7 per cent, and an examination 
of tbe asb disclosed tbe fact that part of tbe pbospborus 
of tbe preparations was in organic combination, suggest- 
ing tbe possible presence of nucleoproteins. This result 
led Foreman to follow tbe distribution of pbospborus as 
well as of nitrogen in various extracts separated from tbe 
leaves, and unexpected facts were thus revealed wbicb I 
regard as of possible significance. 

For tbe full details of bis procedure and results, refer- 
ence must be made to tbe original paper, and I quote here 
only sufficient data to illustrate tbe point wbicb I wish to 
emphasise. Briefly, leaves of perennial rye-grass, after 
cytolysis with etber, were squeezed as free from vacuolar 
fluids as possible. Tbe residues were then plunged into 
boiling water, strained off and again washed thoroughly 
with boiling water. This last operation removed what I 
refer to in table 52 as “loosely bound” protoplasmic ni- 

TABLE 52. 


(Compiled from Foreman, 83.) 



In percentages of total 

In percentages of total 

Lolium perenne 

leaf N 


leaf pbospborus 



^‘Loosely 

‘^Firmly 


“Loosely 

“Firmly 



bound” 

bound” 


bound” 

bound” 



proto- 

proto- 


proto- 

proto- 

Date of cat 

Yacuole 

plasmic 

plasmic 

Vacuole 

plasmic 

plasmic 


K 

N 

N 

P 

P 

P 

5 June 

12.47 

0.01 

87.52 

44.7 

26.6 

28.7 

11 Jane 

10.15 

2.02 

87.83 

51.8 

18.0 

30.2 

15 June 

9.55 

4.73 

85.72 

61.8 

11.4 

26.9 

22 June 

8.73 

2.25 

89.02 

55.8 

■■ 17,1' 

27.2 

30 June 

9.56 

5.34 

85.1 

54.6 

19 8 

25.6 

5 July 

10.24 

2.9 

86.86 

57.0 

16.2 

26.8 

15 August 

11.14 

7,2 

81.66 

52.5 

26.1 

21.4 

24 August 

11.34 

4.28 

84.38 

65.7 

15.2 

19.1 

7 September 

10.78 

2.63 

86.59 

55.6 

25.0 

19.4 

28 September 

11.36 

9,01 

79.63 

44.2 

31.3 

24.5 
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trogen and phosphonis, leaving a residue whicli contained 
tlie firmly bound” protoplasmic nitrogen and pbos- 
pborus, respectively. 

The noteworthy result is the large and variable amount 
of “loosely bound” protoplasmic phosphorus; further- 
more, the large amount of “firmly bound” protoplasmic 
phosphorus assumes an aspect of equal importance if we 
consider another observation of Foreman, to the etfect 
that leaves dried at 85° (that is, under conditions in which 
the protoplasm is coagulated in the presence of an in- 
creasing concentration of vacuolar sap) readily yield the 
whole of their phosphorus on simple extraction with 
either cold or hot water. Before passing on to his explana- 
tion of these interesting differences, let me call attention 
to one point which he emphasises, namely, that an analy- 
sis of the aqueous extract of dried leaves does not neces- 
sarily reflect the composition of the vacuolar fluid in the 
living cell, for about one-half of the phosphorus thus esti- 
mated is, as he shows, intimately connected with the pro- 
toplasm. The recent researches of Phillis and Mason 
(215) suggest similar views. 

Foreman suggests that the protoplasm of leaf cells con- 
tains what he refers to as two types of “greater com- 
plexes,” which may be distinguished according to their 
behaviour on changing the medium from vacuolar fluid to 
plain water, (i) In “complex a” the protein is loosely 
combined with phosphates of potassium or sodium, but 
only at high (H+) and in the presence of high enough 
concentrations of similar phosphates, both of which con- 
ditions obtain in the vacuolar fluid. The relative amount 
of this type of complex present in the protoplasm is 
reflected in the figures for “loosely bound” protoplas- 
mic phosphorus given in table 52. In the absence of vacu- 
ole phosphates and at the lower (H+) of pH 7 — conditions 
prevailing in the ether method of preparing proteins 
from leaves — the complex is dissociated into its compo- 
nents, both of which disperse into solution. On adding 
hydrochloric acid to the isoelectric poi nt,, th e freed pro- 
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tein will then be precipitated. The content of “complex a’/ 
thus determines the yield of “soluble” proteins by the 
ether method, (ii) “Complexes b/’ consist of nuoleo- 
proteins and protein loosely combined with phosphates of 
calcium or magnesium, which remain intact and insoluble 
in the presence of vacuolar sap or of pure water. Fore- 
man considers that the ratio of “complex a” to “com- 
plexes b” in the protoplasm will vary with varying ratio 
in the vacuolar fluids of K -f- Na to Oa -f- Mg, either as 
phosphates, or in such form as will surrender these bases 
to the phosphate-protein-complex formation. Further- 
more, the ratio of the two types of complexes may change 
abruptly on cytolysis of the cell, due to the penetration of 
vacuolar fluid with a high concentration of the particular 
bases concerned. Foreman’s own data (table 52) show a 
varying concentration of total phosphorus and total nitro- 
gen per unit sap volume and also of “loosely bound” pro- 
toplasmic phosphorus during growth, suggesting that the 
amount of protoplasmic protein in the form of “com- 
plex a” fluctuates during growth as a reserve or storage, 
being sometimes broken down and supplying the need for 
breakdown products at the growing points while re-form- 
ing in other circumstances at other times. “Complex a” 
is thus the labile fraction of the protoplasmic protein, and 
it is of interest to recall (cf. p. 11) that as early as 1872 
Pfeffer had suggested the possibility that protein might 
actually diffuse from one part of the plant to another in 
the form of a potassium salt or potassium phosphate 
complex! Foreman has not specifically differentiated the 
chloroplasts from the general mass of protoplasm, but it 
is clear that he provides for the proteins of the former in 
his “complexes b.” And it should be noted that he en- 
visages the possibility that part, or even the whole, of the 
cytoplasmic protein may be rendered insoluble through a 
base interchange following cytolysis, and this indeed may 
weU be the true explanation of my failure to obtain cyto- 
plasmic proteins fy Method B from e.g. Wistaria cki- 
nensis. 

These deductions of Foreman are of great impor- 
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tance, for tlie protein-phospliate-salt complexes wHok he 
postulates — on reasonable circumstantial evidence— are 
welcome as affording some grounds for speculative sug- 
gestions in any attempts we may make to postulate a ra- 
tional chemical explanation of protoplasmic behaviour. 

2. The Ether-Water Method for Preparing Mixed Protoplasmic 
Proteins from Leaves; Chemical Composition 
of the Chloroplast. 

Difficulties were experienced when an attempt was 
made in my laboratory to prepare proteins from forage 
grasses by the ether method. Unlike the leaves with which 
I had hitherto worked, the blades of grasses have an abun- 
dance of fibres which cause difficulty during passage 
through a meat chopper. I expected, therefore, to obtain 
fairly small yields, but actually they were quite negli- 
gible, and this in spite of the fact that the sap reaction of 
the eytolysed leaf cells was about pH 5.7. Acting on the 
hypothesis that the cytolytic action of the ether might in 
these cases be unsuitable, ether-water, as a milder agent, 
was tried (Miller and Chibnall, 171). The yields in some 
cases were quite good, in others still negligible, and it was 
not until we had realised the essential point in the em- 
ployment of ether- water, namely, that it should have been 
used previously at least once to cytolyse an appropriate 
amount of grass, that we were then able to bring the proc- 
ess completely under control (Chibnall et al., 45). 

The employment of what I shall henceforth refer to as 
“used” ether-water brings about an entirely different ex- 
traction of the protoplasmic proteins than was at first 
realised. In one of our preliminary, and successful, ex- 
periments with cocksfoot {Dactylis glomerata) and 
“fresh” ether-water, half the extract (following the spin- 
ach procedure) was filtered to give a clear brown filtrate 
and the other half was flocculated with acid. The prepara- 
tion of cytoplasmic material contained (ash-free) 14 per 
cent nitrogen and of the protoplasmic material 12.4 per 
cent nitrogen, the yields (nitrogen in terms of total pro- 
tein nitrogen) being 16.2 per cent and 34.3 per cent, re- 
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spectively — ^values close to tliose obtained with spinach. 
In the majority of cases, however, the yield was very 
disappointing. 

It was a chance observation which showed us that if 
“used” ether-water be employed, the yield of protein ma- 
terial passing through the pad of filter-pulp is always 
high, and in many instances very much higher (up to 30 
per cent of the total protein nitrogen) than we had hith- 
erto obtained. It was noted at the time that these protein 
filtrates, though quite clear and free from all visible par- 
ticles under the microscope, exhibited a far more pro- 
nounced Tyndall effect in refiected light than had been 
usual with proteins extracted by the ether method, sug- 
gesting that more lipoid was present. This was confirmed 
when the dried preparations were extracted with organic 
solvents, appreciable chlorophyll and lipoid material be- 
ing thereby removed. What we failed to notice, however, 
for some time was that as much protein, or very nearly as 
much, passed through the filter-pulp as could be obtained 
by direct flocculation — ^very little protein was therefore 
remaining on the fiOiter pad, although this retained much 
lipoid. We were accordingly obtaining in clear aqueous 
solution most of the extracted protoplasmic protein, Le. 
that from the ohloroplasts as well as from- the cytoplasm. 
There was no doubt, therefore, that the “used” ether- 
water had in some way altered the relationship between 
the protein and Epoid of the chloroplasts, and that the 
former was now able to disperse freely into water. This, 
at any rate, has been our experience with the samples of 
forage we have used; but if the subtle difference in be- 
haviour between “used” ether-water on the one hand and 
both “fresh” ether- water and ether itself on the other 
hand is due to causes such as those suggested below, then 
it seems likely that the effects of “used” ether- water may 
vary, according to conditions, from sample to sample. 

When leaves are immersed in “fresh” ether-water, 
cytolysis takes place more slowly than with ether itself, 
but the collapse of the protoplast is very pronounced and 
the vacuole solutes diffuse out into the ether- water. In re- 
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spect to tlie “availability” of tbe cytoplasmic proteins, 
tberefore, we sbonld expect conditions to be somewhat 
similar in the two eases, and this is in accordance with 
experience— when the yield with ether alone is low, that 
with “fresh” ether-water is generally of the same order. 
If a second batch of leaves be immersed in this “used” 
ether- water, cytolysis appears to take place at about the 
same rate as before, and vacuole solutes are again ex- 
uded. Two striking differences, however, can be readily 
observed. In the first place, there is a relatively enormous 
uptake of the ether-water by the leaves, either into the 
intracellular spaces (Sen and Blackman, 306a) or into the 
protoplast before the semi-permeability is completely de- 
stroyed. In the second place, a cut section shows no col- 
lapse or shrinkage of the protoplast, which remains 
gorged with water as in the normal untreated cell. We 
should expect the protoplasmic proteins therefore to be 
as readily available as in Method B (p. 146) and this is 
actually in accordance with experience. 

More diflicult to explain is the change which renders 
the chloroplastic proteins available. The early work of 
Pringsheim, of Meyer and of Sehimper suggested that the 
chloroplast consisted of a colourless protoplasmic matrix 
or stroma in which were embedded numerous green vis- 
cous drops or granules — the so-eaUed grana. Since then 
opinion has been divided as to whether the living chloro- 
plast shows any visible structure at all; certain eytolo- 
gists hold the view that it is homogeneous and regard the 
grana as artifacts of incipient disorganization ; others, 
and in particular those who have very recently investi- 
gated the problem by modem optical methods, have 
veered round to the older idea of a granular structure. 
The present morphological position has been reviewed by 
Frey-Wyssling (85). 

The chemical composition of the chloroplast has also 
been the subject of much study, chiefly of a microchemical 
nature, both proteins and lipoids being early recognised 
as constituents of possible importance. According to 
Meyer (167, 168), the former are ergastie substances and 
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the latter the components of the grana in which the chlo- 
rophyll is dissolved. Liehaldt (138), from studies of the 
action of aqueous solutions of alcohols, aldehydes, etc., on 
ehloroplasts, concluded that there were two phases: an 
aqueous phase that swelled in volume when the tissue was 
treated with these reagents and a green-coloured lipoid 
phase, the latter being in a microscopic emulsion-like 
distribution in the former. Under the action of the above- 
mentioned agents, these two phases could be separated, 
the emulsion becoming at first sub-microscopic and then 
microscopic. In further development of this view, argu- 
ments have been advanced for a fluid nature of the emul- 
sion on the one hand, and for a more solid or even gel 
structure on the other (cf. Menke, 160). My o’vvn observa- 
tions are in agreement with the gel structure, otherwise 
the “non-availability” of the ehloroplastic proteins by 
Methods A and B which remains complete even on very 
fine disintegration of the ehloroplasts, could only be ex- 
plained on a water-in-oil emulsion basis. As I have had 
occasion to mention before (p. 132), the green extract pre- 
pared from fresh spinach leaves by Method B, when cen- 
trifuged at 18,000 r.p.m., slowly deposits the chloroplast 
fragments. When a preparation of chloroplast material 
separated in this way was again centrifuged for a further 
period at the same speed, a stage was reached when aque- 
ous liquid no longer exuded. Presumably the chloroplast 
fragments had now more or less coalesced and all inter- 
stitial fluid had been squeezed out, so that the preparation 
contained no more water than that normally present in 
the aqueous phase (gel) of the original ehloroplasts. 

The actual water content at this stage (estimated by 
drying at 108°) was found to be 55 per cent. If we assume 
that the dried product (there was insufiGicient of it for 
comprehensive analysis) had the same composition as the 
preparations of ehloroplastic material given in tables 45 
and 46, the aqueous phase of ehloroplasts must have con- 
tained about 30 per cent of protein, sufficient, according to 
my experience, to give a very viscous solution which 
would readily gel. 
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Under the action o£ vacuolar fluid (Method B), or ether 
(Method A), this gel clearly does not disperse when 
churned up with water, but it does so readily under the 
action of “used” ether-water. The reason for this can, at 
present, only be surmised. “Used” ether- water, owing to 
its dilution with vacuolar sap, contains less ether than 
“fresh” ether-water, but it also contains vacuole solutes, 
albeit in low concentration. Since it is rapidly taken up by 
the leaves, it is possible that its action is in some way con- 
nected with the fact that it comes into direct contact with 
the outer surface of the protoplasts before the cytolysis 
destroys their semi-permeability and so permits the out- 
ward passage of undiluted vacuolar sap. Under this 
milder treatment, part of the lipoid phase, which may be 
acting as a protective colloid to the protein gel, might 
become peptised. Chloroplast lipoids, as I show in Ap- 
pendix III, contain unique calcium (and, in certain cases, 
magnesium) salts of phosphatidie acid, and a base ex- 
change to give the (water-soluble) potassium, sodium 
salts on or before cytolysis of the eeU might be respon- 
sible for these peptising effects. 

Such views, however, are speculative, and I have dis- 
cussed them at some length, as I have indeed the whole 
of my own and other workers’ experiences with the pro- 
teins of leaves, because I feel that further progress in this 
field — ^which concerns protoplasmic behaviour— must go 
hand in hand with studies which treat the cell as a 
physico-chemical system, and two important components 
of such a system are the proteins and lipoids. 

3. Properties and Amino Acid Analysis of the Mixed Proto- 
plasmic Proteins Prepared from Yarious Pasture 
Pla/nts iy the Ether-Water Method. 

Properties. The preparations exhibit the same solubility 
properties as those prepared from the cytoplasm by the 
ether method, i.e. they are flocculated between the limits 
pH 4.0-5.0, are freely soluble in a slight excess of alkali 
and with less ease in a slight excess of acid. The proteins 
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of the ehloroplast therefore unist be of the same general 
type as those of the cytoplasm. 

Amino acid analyses. These are set out in table 53 and as 
in the case of the cytoplasmic proteins given in table 49 
there is again a very pronounced uniformity in composi- 
tion. This suggests that, as a class, the chloroplastic pro- 
teins probably exhibit the same similarity as do those of 
the cytoplasm, and that, in all the leaves examined, the 
proportions in which the two classes are present must 
therefore be fairly constant. 

A direct comparison between both types of protein pre- 
pared from one particular leaf has not yet been made, but 
Menke’s method of separating chloroplastic material 
should permit this in future work. Meanwhile, we have 
the indirect evidence from spinach leaves that they can 
differ (table 47) and recent work by Lugg suggests that 
the same may be true of grasses, though he was primarily 
concerned with attempts to prepare protein samples 
representative of the whole protein of the leaf, not to ef- 
fect a separation. His evidence is based on the analysis 
of products which have been prepared from the same 
grass by different methods, so that the proportions in 
which the two types of protein are present is not always 
the same. These methods, and the major proteins which 
the preparations should contain, are set forth below. 

Protein preparation will contain the 
nnder-mentioned components 
Mainly cytoplasmic protein 

The cytoplasmic protein and most of 
the chloroplastic protein 

a . a , . a 


it ■ ' ' a ' ti 


Method 

B G-rinding leaf material with 
sand and water and filtering 
through paper-pulp 

C ^^Used^^ ether-water 

D Grinding leaf material with 
water or mildly alkaline buf- 
fer solutions and centrifug- 
ing at low speed for a short 
time 

E As above, but treating with 
alcohol-ether before centri- 
fuging (1) or filtering (2) 
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In the case of perennial rye-grass the variations in 
tryptophan-N (which can be estimated to about 3 or 4 per 
cent) are significant, but taken as a whole the data given 
in table 54 show remarkable constancy. 

TABLE 54. 

(Prom Lvgg, 146e.) 

Analysis of proteins prepared by various methods. 

Protein preparation 
In percentages of total protein-N 




Method 

Yield 





Cys- 


Date 

of 

% 

Total- 




tine-N -f- 


of 

prepa- 

of total 

is 

Amide- 

Tyro- 

Trypto- 

Methio- 

Species 

sample 

ration 

protein 

% 

N 

sine-N 

phan-N 

nine-Nf 

Cocksfoot 

29.9.36 

C 

39.4 

14.1 

5.3 

2.34 

1.82 

3.2 

u 

7.11.35* 

D 

28 

13.0 

5.1 

2.32 

1.82 


u 

7.6.37 

D (with 









water) 

60 

12.6 

5.0 

2.39 

1.88 

3.0 

u 

7.6.37 

C 

25 

13.1 

5.0 

2.32 

1.88 

3.0 

Perennial 

rye-grass 

6.11.33 

C 

22 

12.9 

5.0 

2.26 

1.74 


■ U : 

9.6.37 

C 

24 

13.5 

4.7 

2.34 

1.73 

3.3 

a •• ■ . 

9.6.37 

B 

60 

12.3 

5.1 

2.44 

2.09 

3.1 

' u 

29.11.37 

D (with 









pH 7 
buffer) 

33 

13.1 

5.0 

2.43 

2.05 

3.2 

u 

8.6.38 

u 

46.5 

12.5 

5.3 

2.42 

1.97 

3.0 

' .6t 

8.6.38 

E(l) 

46.1 

13.3 

5.2 

2.35 

1.92 

2.9 

a : ' 

8.6.38 

E(2) 

30.2 

14.65 

5.2 

2.39 

1,96 

2.8 


4. The Total Protein of the Leaf. 

The extraction of protein material from leaves by any 
of the methods which have been discussed above depends 
ultimately on grinding operations which open the leaf 
cells and scour out a part or the whole of their protoplas- 
mic contents. The efficacy of the grinding unfortunately 
varies enormously; with young, non-fibrous leaves, the 
final debris of cellular material may contain only 15 to 20 

* Prepared in Adelaide, Australia, from local cocksfoot. 

f Prom total organic sulphur (see Lugg, Appendix I, p. 272). 
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per cent of the original leaf protein (table 42), but with 
others, especially those of economic importance, the 
amount unextracted may be as high as 85 per cent (table 
53). From a nutritive standpoint, the nature and chemical 
composition of this unextracted protein is of equal impor- 
tance to that of the isolated product, but the difficulties 
attending its direct analysis are great. 

The debris of cellular material, if examined under the 
microscope, shows lumps of tissue with numerous intact 
cells which retain their full complement of protoplasmic 
gel, and also adhering shreds of opened cells. In previous 
publications (43, 45), I have stated that I saw no reason 
to assume that this unextracted protoplasmic gel differed 
from that which, by a chance action of the grinder, had 
been scoured out of the cell and thereby dispersed into 
colloidal solution. I have accordingly regarded the proto- 
plasmic protein extracted from the leaves as being, in 
bulk, of similar composition to that which remained in the 
residue. Incomplete, but on the whole satisfactory, analy- 
ses have now been obtained which lend support to this 
contention. 

These cellular residues contain from 3 per cent to 6 per 
cent nitrogen, depending on the initial protein level and 
the completeness of the extraction. Residues which in- 
clude the whole protein of the leaf (leaves dried to coagu- 
late protein, the material ground to a powder, extracted 
with hot water to remove solutes and with organic sol- 
vents to remove lipoids), may contain 5 per cent to 8 per 
cent nitrogen. Both products, regarded as proteins, are 
grossly impure and, on acid hydrolysis, much destruction 
of many of the easily estimated amino acids occurs. As is 
pointed out in Appendix II, lysine is the only amino acid 
that survives hydrolysis under such conditions un- 
changed, and then only after preliminary extraction of 
the protein from the cell material by dilute acid (Tris- 
tram, 325). Tyrosine and tryptophan can, however, be es- 
timated to within 3 or 4 per cent after alkaline hydrolysis, 
and the total organic sulphur can be taken as a measure 
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of the cystine -f- methionine present (Lngg, Appendix I, 
pp. 268 et seq.). Including the “amide-N” we thus have 
five factors with which we can compare the protein of 
these residues vdth that isolated in yields of only 15-30 
per cent by the “used” ether- water method. 

I thinlr these results show that, within the limits to 
which we can work at the present time, the two sets of 
products are of similar composition, and that we can re- 
gard these “used” ether- water preparations as reason- 
ably representative of the whole protoplasmic protein of 
the leaf. 

5. The Nuiritwe Value of the Leaf Proteins. 

If we accept the validity of the evidence presented in 
the previous section, we are led to the conclusion that in 
the case of pasture plants, which appear to contain no 

TABLE 65. 

(From Lugg, 146b, e, and Tristram, 325.) 

Amino add analyds of the whole protein of dried grass and of a corresponding 
protein preparation obtained by the ether-water method, 

la pereeatages of total protein-N' 


Material 

Date 

Total^K 

% 

total 

solids 

Amide- 

N 

Ly- 

sine-N 

Tyro- 

sine-N 

Trypto- 

phan-N 

Gys- 

tine-F 

MethiO” 

nine-N 

Cocksfoot 

(Baetylis 

gomerata) 

whole grass 

29.9.36 

7.5 

5.1 

5.9 

2.44 

1.90 

2.84 

whole grass 

7.6.37 

5.5 

5.0 


2.53 

1-78 

3.02 

preparation 

29.9.36 

14.1 

5.3 

6.2 

2.34 

1.82 

3.17 

preparation 

7.6.37 

13.1 

5.0 

6.0 

2.32 

1.80 

2J7 

Perennial rye- 
grass {Lolmm 
perenne) 

whole grass 

29.11.37 

5.1 

5.2 

5.9 

2.41 

1.78 

2.88 

whole grass 

9.6.37 

4.9 

5.2 


2.48 

1.82 

2.89 

preparation 

6.11.33 

12.2 

5.0 

6.2 

2.25 

1.75 

3.25 

preparation 

9.6.37 

13.5 

4.7 

5.8 

2.34 

1.75 

3.27 


(Compiled from Lugg, 146b, e, Tristram, 325, and unpublished data.) 

Analysis of the protein of various pasture plants, 

(Figures given are in percentages of protein.) 

Family: Gramineae Leguminosae 
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vacuolar protein, protoplasmic proteins prepared by the 
“used” ether-water method can be regarded as repre- 
sentative of the whole leaf protein available for nutritive 
purposes. 

The amino acid analyses of these products are thus of 
great agricultural value, and to conform to general usage 
they are given in table 56 on a weight basis, the data be- 
ing calculated on the assumption that the mixed proteins 
contained 17 per cent nitrogen, a point discussed more 
fuUy in Appendix I. 

Lugg has recently determined the monoamino acids of 
a cocksfoot preparation by the ester-distillation method ; 
we have therefore a fairly complete analysis of one typi- 
cal pasture plant protein. 

Before attempting to assess the value of these proteins 


TABLE 57. 

(Compiled from Lugg, 146b and unpublished, Tristram, 325, and 
Miller, 170.) 


Amino acid analysis of cocksfoot protein. 


N 

% of total 

protein-N 

Ammonia 5.3 

Arginine 15.5 

Histidme 2.3 

Lysine .................... .V, 6.0, ■ 

Tyrosine 2.3 

Tryptophan 1.8 

Cystine . . ... . .. . ■ ■ 1.5 

Methionine 1.3 

G-lutamic acid 8.0 

Aspartic acid 4.9 

Glycine ............ 0.4 

Alanine 4.4 

Yaline 4.2 

Leueine(s) 8.8 

Phenylalanine 2.5 

Proline 2.0 


Weight 
% of protein 
(N = 17%) 
1.1 
8.2 
1.5 

5.3 

5.0 
2.2 
2.2 

2.3 
14.3 

7.9 

0.3 

4.8 

6.0 
14.0 

5.0 

2.8 
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for nutritional purposes, it is necessary to make one or 
two observations concerning the actual samples of leaf 
material from which they were prepared. All the grasses 
were taken from manured plots which had been cut at 
least once a fortnight and the samples consisted almost 
entirely of blades ; the wild white clover was from a luxu- 
riant crop which was cut with a scythe held weU above 
the ground so that the sample consisted chiefly of leaflets 
from the upper few inches of the plants, whereas the red 
clover and lucerne were cut about one inch above ground, 
and the samples consisted of stunted plants with rela- 
tively few leaflets. As pasturage, all the samples would 
have been considered of good quality (20-30 per cent 
protein). 

The variations in amino acid content are surprisingly 
small, and compare very favourably indeed with those be- 
tween e.g. the prolamines of various Gramineae seeds or 
the globulins of various Leguminosae seeds, so that the 
digestible protein of a mixed herbage must have a com- 
position approximating fairly closely to that of cocksfoot 
(table 57). With regard to the indispensable amino acids 
(Eose, 252), it was to be expected that these would be 
present in adequate amount, and in so far as they have 
been actually determined this is found to be true. Trypto- 
phan (2.1-2.4 per cent) and lysine (4. 6-6.2 per cent) com- 
pare favourably with the corresponding values (1.3 per 
cent; 6.25 per cent) for casein, while methionine is a little 
lower (2.2-2.7 per cent), about the average for most seed 
proteins. In the ease of cocksfoot, the value for total leu- 
cine is high (the component isomers have not yet been 
separated), phenylalanine and valine are high, while 
threonine has yet to be determined. The excellent nutri- 
tive value of the leaf proteins is thus very clearly evident. 

Incidentally, the high cystine (especially) and methio- 
nine content of the leaf proteins may well explain the ob- 
servation of Nightingale et al. (186) that sulphur-defi- 
cient tomato plants exhibit the same characteristics as 
those suffering from nitrogen deficiency, i.e. modification 
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of the protoplasts accompanied by a diminution in the 
amount of protoplasmic protein present. 

It is unnecessary for me to enumerate here the many 
factors which may be responsible for a fluctuation in the 
total protein content of green pasturage during the sea- 
son. I should like to point out, however, that if this change 
in total protein content were to take place preferentially 
at the expense of the cytoplasmic protein (or, to use Fore- 
man’s nomenclature, “complex a,” cf. p. 149) — and there 
are grounds for assuming that this is the more labile of 
the two main protein fractions of the leaf ( Chapter VIII) 
— ^then a seasonal variation in nutritive value of the pas- 
turage could be expected if the cytoplasmic and ohloro- 
plastic proteins of the leaves differed significantly in 
their content of certain of the essential amino acids. 

This is a very important question which has been raised 
recently by Morris, Wright and Fowler (175), who find, 
from feeding trials conducted wuth cows, that spring 
(May) grass, as regards its biological value for milk pro- 
duction, is markedly superior to that of autumn (Octo- 
ber) grass. This they ascribe to a difference in nutritive 
value of the respective grass proteins. The pasture from 
which their comparison rations of gi’ass were taken had 
been well manured with nitrogen, phosphorus and potas- 
sium, and was kept manured and cut until the autumn 
feeding was complete, the protein content of the spring 
grass being about 18 per cent of the dry matter and the 
autumn grass 20-23 per cent. 

The samples of pasture plants used to prepare leaf pro- 
teins in my laboratory were grown under very similar 
conditions to these, and I have collected the analytical 
data for various spring and autumn products in table 58. 
In their former studies on the availability of various pro- 
teins for milk production, Morris and Wright (173, 174) 
have stressed the importance of lysine and tryptophan 
and it is fortunate that the methods employed by Lugg 
and Tristram permit a protein analysis for these two 
amino acids in samples of dried fodder. 


TABLE 58. 

(Compiled from tlie data of Lugg, 146b and c, and Tristram, 325.) 
Comparison of the proteins in spring and autumn samples of pasture grasses. 
(Figures given are in percentages of protein.) 
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The results, admittedly limited in number, do not sug- 
gest any really significant seasonal variation in the con- 
tent of the three amino acids concerned, and the conclu- 
sions of Morris, Wright and Fowler need further investi- 
gation. The same applies to Cramp ton’s suggestion (58) 
that the nutritive value of protein in manured grass is 
higher than that in unmanured, for here again our limited 
experience with cocksfoot and perennial rye-grass does 
not suggest any significant variation in lysine, trypto- 
phan or tyrosine with protein level (15-35 per cent). 

It may be true, as the above-mentioned workers as- 
sume, that the nutritive value of pasturage is governed 
by the amount of certain essential amino acids which it 
can provide on digestion in the animal, but it is wrong to 
consider that these acids must be derived exclusively 
from protein. Leaves and stems contain considerable 
amounts of amides, amino acids and other non-protein 
nitrogenous products, so that certain of these essential 
amino acids may already be present as such in the pas- 
turage. As will be apparent from the discussions on seed- 
ling metabolism given in Chapter III and on leaf metabo- 
lism given in Chapter XI, protein synthesis in one part of 
the plant may necessitate the transfer of amino acids and 
amides from another, and if certain of these translocation 
products should be surplus to immediate requirements 
they may remain stored as such, or be metabolised to 
amides. In addition, the synthesis of any amino acid may 
take place either directly, or indirectly, at the expense of 
ammonia derived from external sources. It follows there- 
fore that the amount of each essential amino acid present 
as such in the pasturage sap may be wholly uncoimeeted 
with the actual protein content of the pasturage. 

Some recent work of Virtanen and Laine (343) may be 
quoted in illustration of this point. The total tryptophan 
content of peas and red clover was determined at various 
stages of growth, and in both plants the tryptophan nitro- 
gen, in terms of total nitrogen, was at a maximum just be- 
fore blooming and then decreased rapidly to a value 
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which remained unchanged during subsequent growth. In 
the later stages of the pea, an actual disappearance of 
tryptophan was noted. These results led them to suggest 
that tryptophan plays an important part in the metabo- 
lism of the immature plant, possibly as a source of 
growth-promoting factors (P-indolylacetio acid). This 
may be true, but it seems to me that in this experiment it 
was incumbent on Virtanen and Laine to provide evidence 
that the colorimetric method which they used to estimate 
tryptophan (that of WinHer, 362, designed for employ- 
ment with proteins) was not interfered with by other in- 
dole derivatives which may also be present in the plant 
saps— such as 13-indolylacetic acid itself. 

6. The Cystine Content of Pasturage and Wool Production. 

This question was raised in 1928 by Robertson (250), 
who suggested that, since the keratin of wool contained 
such a high proportion of cystine (about 13 per cent), the 
carrying capacity of any country for sheep which are 
grown for wool production might well be determined by 
the capacity of its pasture plants to produce cystine. At- 
tention then became focussed on the cystine content of 
grasses and other pastui’e plants, and the early results 
obtained were conflicting. The position was reviewed by 
Pollard and Chibnall (220) in 1934 who concluded, from 
analysis of their protein preparations, that pasturage 
should contain ample cystine for the wool protein re- 
quirements of the sheep it normally carries. As is pointed 
out by Dr. Lugg in Appendix I, the procedure used by 
Pollard and ChibnaU to determine cystine in their prod- 
ucts was faulty and the results obtained were far too low. 
Since the provision of fodder containing good quality 
protein for wool production has recently been stressed by 
Marston (149), it will be opportune to re-state the posi- 
tion with respect to English pasturage in light of the neAV 
analyses given in table 56. 

The data can be discussed only in general terms be- 
cause, in actual practice, the herbage is always mixed and 
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will change considerably in botanical composition during 
the season. Furthermore, the amount of ingested cystme 
which would be catabolised or excreted is untaown, so 
that I can do no more than attempt to show that the total 
ingested cystine is greater than would be required for 
wool-protein synthesis. j. • • 

If we assume that a sheep eats pasturage containing 
4 lbs. of dry matter daily, then the 0.39 lb. of cystine nec- 
essary for an average fleece of 6 lbs. would be secured 
during one year if the diet provided 0.0265 per cent of 
cystine (on the basis of dry matter) for this purpose. 
Data given in table 56 suggest that a poor pasturage, mth 
a protein level of only 8 per cent, would contain 0.16 per 
cent of cystine and a good pasturage, with 20-25 per cent 
of protein, as much as 0.4-0. 5 per cent of cystine. These 
values are far in excess of those required for the fleece 
which sheep grazing such pastures would be expected to 

bear. 


7. Relative Ments of “True” and “Crude” Protein 

Applied to Forage Crops. 

Finally, before I leave the subject of leaf proteins in 
agriculture, there is one other point I feel constrained to 
mention. I am being repeatedly asked by agricultural 
chemists to express an opinion as to the relative merits ot 
the “true” and “crude” protein values they apply to tor- 
age crops, and I have to reply that their question does 
not permit of any simple straightforward answer; so 
much depends on the treatment the sample of forage has 
received after cutting and the purpose for which the pro- 
tein value is required. • , . i 

In any planned research undertaken at an agricultui al 
station, the samples of forage will be sent to the labora- 
tory and dried within a few hours of cutting; under these 
conditions very little protein breakdown can have taken 
place and the “true” protein value undoubtedly reflects 
the actual protein content of the living forage. If, how- 
ever, the samples have been gathered by farmers, and 
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have been dried off slowly in the air or have been sent, 
without drying, by post to the analyst, then very consid- 
erable protein decomposition, with the production of acid 
amides and amino acids, will have occurred and the 
“true” protein value will he low. “Crude” protein over- 
comes all such difficulties, but of course the value includes 
the non-protein nitrogenous constituents of the forage. Of 
these, one-third to one-half will normally consist of acid 
amides and amino acids, and as these have a nutritive 
value equivalent to protein, a determination of % (“true” 
protein -f “crude” protein) which has sometimes been 
employed in recent years, has much to recommend it in 
nutritional studies. The other non-protein nitrogenous 
constituents of the forage are in large part basic sub- 
stances of unknown constitution (Vickery, 332) and ni- 
trates. The nutritive value of the former is problematical, 
but we have no evidence that the bacterial flora and proto- 
zoa of ruminants cannot make some use of them, while the 
amount of the latter present in forage is only significant 
in the early spring bite or immediately following a dress- 
ing of nitrogenous fertiliser. 

In nutrition studies, therefore, I incline to the belief 
that the importance of “true” protein can be over- 
emphasised and that in many eases “crude” protein, 
which is determined with so much less expenditure of 
time and labour, is of sufficient accuracy for the purpose. 
It will be obvious, however, from what I have just stated, 
that each individual case must be considered on its merits, 
and I can only add that, in studies on plant metabolism, 
“crude” protein is, in all cases, quite inadmissible. The 
factor of 6.25 used to convert nitrogen to protein is a lit- 
tle high; a better value would be 6.0 (nitrogen = 16.7 per 
cent, dry weight), but the difference is small and I hesi- 
tate to make any general recommendation. 



CHAPTER VIII 


PROTEIN METABOLISM IN LEAVES 

1. Introduction. 

m M f'E saw in Chapter VI that the proteins of leaves 
W w are integral parts of the cell protoplasm, i.e. of 
f f “living” matter ; it is to be expected, therefore, 
that their metabolism, even though it may follow in broad 
chemical outline that exhibited by the reserve proteins 
during the development and germination of seeds, will be 
much more difficult to interpret. 

That this is indeed the ease is reflected in the many di- 
verse opinions which have been held as to the role of pro- 
teins in cellular processes, and it is interesting to note 
that in recent years certain investigators have put for- 
ward suggestions reminiscent of those — long since dis- 
carded — which were advanced during the few years im- 
mediately following the establishment of the “proto- 
plasm doctrine” by Max Schultze (266) in 1861. Disre- 
garding the “vitalistic” speculations of Pfluger, Detmer, 
etc. (cf. p. 44), we may recall Borodin’s claim that, in all 
plant cells, the energy changes resulting in respiration 
were brought about through a continuous breakdown and 
rebuilding of protein (cf. pp. 31, 32e#seg.). This sug- 
gestion had not been favourably received by Pfeffer, who 
pointed out that a continuous decomposition of protein 
might be possible if the power of regeneration were 
also present, but that it was essential that the specific 
constructive elements of the protoplasm, to which it owed 
its vital powers, should not be irreparably disorganized, 
however active respiration might be (212). Pfeifer’s in- 
fluence on contemporary opinion, aided no doubt by the 
reaction which naturally followed the general discrediting 
of vitalism, soon established the view that the proteins 
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were the more stable units of the protoplasm — the col- 
loidal ground-mass, in fact, on which were superimposed 
the more labile components— and that these would be de- 
composed only in the absence of carbohydrate, when, to 
use Boussingault’s old suggestion, they might be ‘‘burnt 
up” in respiration. 

This view is still widely held, but numerous researches 
carried out during the past fifteen years— stimulated by 
the great advances in micro-methods of chemical analysis 
— ^have tended to emphasise once again the essentially 
“labile” character of the proteins of leaves, so that the 
possibility of a more or less continuous synthesis and 
breakdown of these substances as a normal function in 
leaves is once again being seriously discussed, while Greg- 
ory and Sen (102) even go so far as to assume that a 
“protein cycle” is operative in leaf respiration. It is my 
purpose to review all this new evidence, and to attempt to 
assess the validity of the various hypotheses that have 
been put forward to explain what can best be described 
as “the regulation of protein metabolism in leaves.” As 
in the case of seedling metabolism, the chemical mecha- 
nisms involved demand first consideration and, since 
those connected with protein synthesis in leaves have al- 
ready been reviewed in Chapter V, it is necessary to dis- 
cuss now the question of protein breakdown. In doing 
this, I shall draw extensively on the results of certain re- 
cent researches in which the breakdown has been accentu- 
ated by detaching the leaves from the parent plant. 

2. The Non-Proiem Nitrogenous Constituents of Leaf Saps. 

The course of protein decomposition in leaves is, at 
least in the early stages, often much more diflScult to fol- 
low than that which occurs during the germination of 
seeds, for leaves contain — ^in the cell vacuoles and aque- 
ous phases of the protoplasm — ^numerous relatively sim- 
ple nitrogenous substances which may themselves take 
part in the metabolic processes involved. From a chemical 
standpoint, this complicates the issue, for the presence of 
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sugars and of numerous other non-nitrogenous products 
such as organic acids in the expressed fluids has made it 
extremely difficult to identify these non-protein nitroge- 
nous substances, and not only those originating in protein 
decomposition, but also those normally present in the leaf 
sap itself. 

Earlier workers such as Borodin and Muller, who used 
the microscope as an aid to identification, failed to detect 
even asparagine in normal green leaves: Schulze and 
Bosshard (293), in 1886, were able to isolate this sub- 
stance, with allantoin, hypoxanthine and guanine, from 
the leaves of Platanus orientalis, Acer pseudoplatanns 
and Trifolium pretense, but, in 1906, Schulze (285) stated 
that he had never been able to isolate glutamine, or any 
of the usual amino acids from the green parts of plants 
unless these had first been kept in the dark for a short 
period. Grlutamine was actually isolated from the leaves 
of Vitis vmifera by Deleano (62) in 1912 and since that 
time the only investigation of note has been that of Vick- 
ery (330), who used the leaves of lucerne {Medicago sa- 
tiva). The sample of protein-free sap employed in his 
analysis contained 870 g. of organic solids and 55.13 g. of 
nitrogen, of which 14.4 g. or 26.1 per cent was in the 
amino-form (as determined by the method of Van Slyke). 

Products isolated accounted for only 9.05 per cent of the 
organic solids, 20.84 per cent of the total nitrogen and 
about 31 per cent of the amino nitrogen of the sap, illus- 
trating the difficulties of the analysis and how little we 
know as yet about the simple nitrogenous products that 
are normally present in the leaf cell vacuoles. In spite of 
these low yields, Vickery’s results are of the greatest im- 
portance, for they show that the vacuolar fluids bathing 
the protoplasm, contain most, if not all, of the various 
amino acids present in proteins, and further — ^in striking 
agreement with the findings of Schulze regarding the sap 
of germinating seedlings — ^that the proportions in which 
they occur may differ widely from those immediately con- 
cerned in prqtein synthesis or decomposition. It should be 
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noted tliat Vicker^^^ (332) lias emphasised the relative ah- 
sence of true protein bases and, since leaf extracts may 
give large precipitates with phosphotnngstic acid, he has 
issued a strong caution against identifying this as / ^ basic 
nitrogen’’ in the usually accepted (protein) sense of the 
term, for, in large part, it represents substances whose 
constitution is quite unknown. 

3 , A General Survey of Protein Metabolism in Detached 
Leaves Cultured on Water, 

Although Borodin (21) was unable to identify aspara- 
gine in normal green leaves, he had no difficulty in detect- 
ing it in various leaves e.g. Vida sepium^ V. cracca^ Lupi- 
nus varius spp. and Lathyrus odoratus which had been 
detached from the plant and kept in a moist atmosphere 

TABLE 59. 

(From Vickery, 330.) 

Adenine 

Arginine (free) 

Arginine* (combined) 

Lysine (free) 

Lysine* (combined) 

Staebydrin 

Choline 

Trimethylamine 

Betaine 

Asparagine 

Aspartic acid* 

Tyrosine 

Phenylalanine 

Serine 

Leucine 

Valine 

Alanine 


78.709 


Weight of Substance 
9 ^ 

. . . 2.813 

. . . 0.439 

. . . 1.343 

. . . 0.448 

. . . 2.256 

. . . 34.42 
. . . 2.767 

. , . 0.305 

. . . 0.228 
. . . 18.03 
. . , 6.196 

. . . 0.117 

. . . 0.821 
. . . 2.407 

. . . 2.070 

. . . 2.887 

. . . 1.163 


Total 

* Additional, after acid hydrolysis. 
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for a few days in the dark. As I have pointed ont in an 
earlier chapter, this observation was cited by him as evi- 
dence in support of his modification of Pfeffer’s hypothe- 
sis, in which he claimed that protoplasmic activities in 
respiration required a continuous breakdown and regen- 
eration of protein, the breakdown giving rise to aspara- 
gine, which was immediately used in protein regeneration 
provided that sufficient carbohydrate (glucose) were 
available. In its absence, as in detached and darkened 
leaves, the asparagine would accumulate, and only under 
such conditions should it become possible to detect it (cf. 
p. 32). 

The quantitative relationship between protein break- 
down and asparagine production in green plants was in- 
vestigated by Schulze and his pupils (293, 296) ; young 
oat plants from which the root system had been removed 
accumulated much asparagine when placed in a dark 
room with their cut ends in water. 

TABLE 60. 

(From Schulze and Bossbard, 293.) 


Fresh After standing with 

plants with cut ends in water in 

Avena sativa roots detached the dark for 8 days 

Total-N 4.12 4.50 

Protein-N 3,51 1.46 

Asparagine-N 0.15 1,69 

Other soluble-N 0.46 1,85 


In the particular case quoted, 74.8 per cent of the lost 
protein nitrogen had reappeared as asparagine nitrogen. 
From water-cxdtured leaves of Saponaria officinalis and 
Beta vulgaris, Schulze (276) was able to isolate gluta- 
mine, while Kiesel, working in Schulze’s laboratory, ob- 
tained arginine, histidine, leucine and valine in similar 
experiments with red clover (117). Since amino acids 
could not be detected in the plants before treatment, 
Schulze inferred, although he admitted that his evidence 
was meagre, that these were the primary products of pro- 
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tein decomposition and that, as in seedlings, they nor- 
mally underwent a secondary transformation to give as- 
paragine or glutamine. 

More direct proof of this was obtained in some experi- 
ments of my own in 1924 (37) with leaves of the r u nner 
bean, the amino nitrogen being estimated indirectly by 
Van Slyke’s method. Detached leaves were kept with their 
petioles in water for five days either in strong diffused 
daylight or in darkness, and, in hofh cases, there was a 
marked breakdown of protein, with a simultaneous pro- 
duction of much amino nitrogen as well as of acid amides. 


TABLE 61. 

(From CMbiiall, 37.) 

Mature leaves of 

Phaseolm multiflorus In percentages of total leaf -N 

Amino-N, 

Non- less that 

Number of days with Pro- pro- Ammo- Amide- due to 

petioles in water tein-N tein-N nia-N N X 2 amides 

0 83.50 16.50 0.30 1.78 5.92 

5, in light 70.16 29.84 0.37 8.92 11.31 


Change -13.34 -1-13.34 -f0.07 -f7.14 -f-5.39 ' 

5, in daxk 64.86 35.14 0.57 11.70 9.97 ^ 


Change -18.64 -1-18.64 -1-0.27 -+-9.92 -+4.05 


Two years later, Mothes (176) published the results of 
a long series of experiments which bring out even more 
clearly the analogy between protein decomposition in 
water-cultured leaves and in germinating seeds. 

Leaves of the broad bean, when cultured on water in the 
dark, showed a steady breakdown of protein, and the 
soluble products thus formed were in large part trans- 
formed to amides, ammonia enrichment not being observ- 
able until the fifth day, when the leaves had become yel- 
low. Mothes, however, quotes one particular experiment 
in which very considerable protein decomposition had 
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taken place witMn twenty-four hours, accompanied by 
only a very small increase in amides. 

TABLE 62. 

(From Mothes, 176.) 



Number of 

In percentages of total leaf-N 


hours with 



Other 


Detached leaves 

petiole in 

Ammo- 

Amide- 

solu- 

Pro- 

of Vida Faba 

water 

nia-N 


ble-N 

tein-N 


0 

0.25 

2.33 

6.33 

91.09 


24 

0.25 

3.78 

12.98 

82J9 


That the primary decomposition products were amino 
acids, which underwent subsequent oxidation to give am- 
monia and hence asparagine or glutamine, was postu- 
lated from an experiment similar to that of Butkewitseh 
(table 30, p. 90). The leaves were anaesthetised with 
chloroform vapour, and the fact that they suffered no 
permanent injury was shown by their response when ex- 
posed later to light and air, for the revived synthetic 
mechanisms then rapidly converted the accumulated am- 
monia to amides. 

TABLE 63. 


(Prom Mothes, 176.) 

In percentages of total leaf-N 


Detached leaves of 

Ammo- 

Amide- 

Other 

Pro- 

Phaseolus mvXtifioms 

nia-N 

NX2 

soIuble-N 

tein-N 

Control 

1.0 

9.5 

7.2 

82.3 

4 days^ anaesthesia 

4 days^ anaesthesia, followed by 8 

13.6 

4.1 

19.5 

62.8 

hours in light and then 40 hours 
in dark 

3.1 

17.5 

17.5 

59J 


In the experiment with the broad bean quoted in table 
62, the leaves had been detached at the end of a sunny day 
from plants growing in the open air. Mothes thought 
there could be no question, therefore, of carbohydrate de- 
ficiency and, since rapid protein decomposition had oe- 
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CTirred, he could only infer that in detached leaves, as in 
seedlings, the extent of protein breakdown in the initial 
stages yv&B independent of carbohydrate supply. In the 
later stages, however, again as in seedlings, the sparing 
action of carbohydrate could be readily observed. This 
was shown by experiments in which the leaves were cul- 
tured on glucose solution instead of on water, the effect 
being more pronounced with young leaves and at a lower 
temperature. 

TABLE 64. 

(From Mothes, 176.) 

Detached leaves of Phaseolus 
(young plants) 

Number of 

days with In percentage of total leaf -N 


petioles 
in culture 

Culture 

Tem- 

pera- 

Am- 

mo- 

Amide- 

Other 

solu- 

Pro- 

solution 

solution 

ture 

nia-N 

NX2 

ble-N 

tein-N 

control 

■ , _ ' 

> 17° 

0.18 

4.98 

19.89 

74.95 

4 

2^2% 

glucose 

17° 

0.20 

4.95 

16.61 

77.94 

2 

water 

24° ■ 

1,53 

•. 7.83 

31.11 

59.53 

2 

2%% 

glucose 

to 

o 

0.23 

5,73 

21.35 

72.69 


In keeping with the earher views of Pfeffer and Prian- 
isehnikow, Mothes discussed the possibility that the 
breakdown of protein in detached leaves, and the subse- 
quent oxidation of the amino acids with the ultimate 
formation of amides, might be due to the supplies of car- 
bohydrate being insufficient to provide the necessary en- 
ergy for living processes, so that the amino acid residues 
were being utilised in respiration. But if this were so, he 
was puzzled to explain my own experiments quoted in 
table 61, showing very nearly as much protein breakdown 
in leaves cultured on water in the light — ^when carbohy- 
drate should not be lacking — ^as in the dark. A partial ex- 
planation of this difficulty was provided by his own ex- 
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periments, in whicli he showed that the sparing action of 
the products of photosynthesis depended essentially on 
the age of the leaf. 

TABLE 65. 

(From Motiies, 176.) 

Detached leaves of 1“ percentages of total leaf-N 


Fhaseolm multiflorus, with 

Ammor 

Amide-N 

Other 

Pro- 

their petioles in water 

nia-N 

X2 

soluble-N 

tein-N 

Young leaves 

Control 

. . . 1.2^ 

1,3 

5.2 

92.3 

8 days in light 

. . . 1.0 

1.8 

8.2 

89.0 

8 days in dark 

. . . 1.6 

10.7 

25.0 

62.7 

Old leaves 

Control 

. . . 1.5 

1.8 

6.1 

90.6 

8 days in light .... . 

. . . 1.6 

12.3 

13.5 

72.6 

8 days in dark ........... 

. . . 3.0 

21.2 

14.9 

60.9 


We meet here for the first time one of the complicating 
factors that sharply differentiate the problem of protein 
metabolism in the leaf from that in the seedling, and I 
shall refer to it again later in my discussions on protein 
regulation in leaves. 

These excellently planned experiments of Mothes un- 
doubtedly clarified the some%vhat indefinite position in 
which the question of protein decomposition in leaves had 
necessarily been left by Schulze, but do not permit of a 
more detailed enquiry into the chemical mechanisms in- 
volved for two reasons : (i) It is impossible to discuss the 
protein-sparing action of carbohydrates on protein de- 
composition when the carbohydrate content of the leaves 
is left undetermined. The assumptions that leaves ex- 
posed to the light must contain sugar (or starch), and 
that those kept for some days in the dark will be depleted 
of these substances are not necessarily true; this criti- 
cism, I regret to say, is one that can be levelled against 
much of the published work dealing with leaf protein 
metabolism, (ii) The work of Chibnall and Sahai, and, 
more recently, of Michael, shows that, when detached 
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leaves are kept with their petioles in water, there may he 
a considerable interchange of soluble products between 
the leaves and petioles. 

Chibnall and Sahai (51) kept two samples of mature 
leaves, with long fleshy petioles, of the Brussels sprout 
(Brassica oleracea v. bullata) in the dark with the cut 
ends in water for four and six days, respectively. They 
observed that, in the first ease, there was a translocation 
of both sugars and non-protein nitrogenous products 
from the petioles to the laminae, while, in the second, a 
similar translocation of sugars occurred, but the move- 
ment of the nitrogenous products was in the reverse direc- 
tion. They found it necessary, therefore, to repeat their 
experiments — which were concerned with fat-phospha- 
tide-protein balance in leaves- — and to analyse the laminae 
with the petioles still attached. This differed from the 
procedure both of Chibnall and of Mothes in their above- 
mentioned researches on the breakdown of protein in 
water-cultured leaves, but, since the plants which they 
used provided leaves with relatively small petioles, it 
might be thought that the error thus introduced would not 
be very large. That this is not necessarily true follows 
from the recent work of Michael. 

Michael (169), whose interesting observations on the 
chlorophyll-protein balance in the leaves of nasturtium 
(Tropaeolum majus) are referred to below, found that 
cut leaves left in the dark with their petioles in water 
yellowed much more quickly than those, with or without 
petioles, which were laid on moist filter paper in a dark 
room. Suspecting that this might be due to the transloca- 
tion of protein decomposition products from the leaves 
to the petioles, he made appropriate analyses, and found 
that this was indeed the case, the amount of nitrogen lost 
from the leaf depending on the length of the petiole. In 
one particular experiment, tests were made with nastur- 
tium leaves bearing a petiole 8 cm. long ; analysis showed 
that the average loss of nitrogen from each leaf was 1.13 
mg. or 8.8 per cent of the total, whereas the upper half of 
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the petiole (next to leaf) gained 0.50 mg. and the lower 
half 0.62 mg. of total nitrogen, respectively. Since of these 
latter amounts 20 per cent and 28 per cent, respectively, 
were protein nitrogen, it was clear that congestion of the 
simple nitrogenous products in the petiole had, by dis- 
placement of equilibrium, led to protein synthesis, for it 
is unlikely that undecomposed protein from the leaf 
would wander preferentially to the lower end of the 
petiole. 

In the experiments illustrated by tables 61 to 65, the 
petioles were removed before the leaves were analysed 
and, since interchange of soluble nitrogenous products be- 
tween these organs may have taken place during the per- 
iod of water-culture, it is obvious that the results, which 
are expressed in terms of total leaf nitrogen, may not ac- 
curately reflect the changes that have taken place in the 
leaf. The large decrease in protein nitrogen shown in 
tables 61, 63 and 65 is undoubted evidence that extensive 
protein decomposition has occurred, but small changes, 
especially those in which, on feeding with glucose or ex- 
posure to strong sunlight (tables 64, 65), a small increase 
of protein nitrogen is claimed, need confirmation under 
more rigidly controlled conditions. To discuss in detail 
the quantitative changes which occur in water-cultured 
leaves, it is necessary to turn to other researches in which 
these xmcertainties are not present, but before doing this 
I feel constrained to refer to the recent and astonishing 
claim by Fischer (81) that leaves left with their petioles 
in water can lose up to 50 per cent of their total nitrogen 
in one day by diffusion into the water! He states that this 
occurs with leaves which have very short (2-3 cm.) peti- 
oles of Impatiens glanduligera and that bean leaves, with 
long petioles, may lose as much as 10 per cent. In a quoted 
experiment with Syringa, however, the leaf with petiole 
lost 0.49 mg. of nitrogen, yet only 0.096 mg. could be re- 
covered from the water. One is tempted to suggest that 
Fischer’s experimental technique, which permits him to 
compare one single leaf with another, is faulty, for his 



DETACHED LEAVES 


181 


claim is directly opposed to the cumulative experience of 
Deleano, Mothes, Chibnall and Michael. 

Much more disturbing is the recent demonstration by 
Pearsall and Billimoria (204, 205) that, under certain 
conditions, and when inorganic sources of nitrogen are 
supplied, plant tissues may lose considerable amounts of 
nitrogen. Cultures of algae such a.8 Chlorella on ammo- 
nium nitrate showed very large losses when grown in the 
dark, while young leaves showed the greatest losses when 
cultured in the light. The following table illustrates the 
magnitude of the losses observed when leaves of Narcis- 
sus were floated on three different nutrient solutions in 
the dark. 

TABLE 66. 

(From Pearsall and Billimoria, 206.) 


Leaves of ^ 

Narcissus Ammonium 

‘pseudanarcissus NH^Gl tartrate 

"'N. N N N N N 

Segment absorbed lost absorbed lost absorbed lost 

IBase 13.51 3.54 12.08 6.80 13.16 5.23 

2 8.23 2.68 10.94 5.63 7.04 1.51 

3 9.53 3.75 13.98 5.83 14.13 5.27 


4 Apex 12.92 8.02 16.68 13.31 21.79 11.55 

The results suggested that the nitrogen loss was in 
some way dependent upon the amount of nitrogen ab- 
sorbed and also upon the internal metabolism of the leaf 
segment as reflected by its age. Under the conditions of 
the experiment, protein synthesis was confined to the two 
basal (youngest) segments while the apical ones could 
show protein hydrolysis. The nitrogen losses, which were 
similar in all three cases, were, therefore, greater in seg- 
ments showing protein hydrolysis and presumably de- 
pended also on some hydrolysis product. More detailed 
analyses of the nitrogen taken up showed that, if narcis- 
sus or daffodil leaves we re initially free from n itrain-ias 
was usual), a significant amount of this was synthesised 
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when ammonium salts were supplied, suggesting that in 
the scheme given below the nitrate reduction to ammonia 
is reversible. 

As no loss was observed when organic sources of nitro- 
gen, e.g. asparagine, were used, Pearsall and Billimoria 
conclude that the mechanism of nitrogen loss must in- 
volve one of the stages of conversion of inorganic nitro- 
gen. Since Warburg and Negelein (352) had previously 
shown that Ghlorella could reduce nitrate to ammonia via 
nitrite, and Bggleton (73) had demonstrated the existence 
of nitrite in leaves engaged in nitrate reduction (and, in- 
cidentally, suggested that nitrogen loss may thus occur in 
the manner described below), Pearsall and Billimoria put 
forward the following scheme to explain the production of 
gaseous nitrogen. 

HNO3 HNO2 NH3 Amide-N 

i U 

N 2 lost < Araino-N Protein-N 

In plant tissues, nitrite may be present as nitrous acid, 
and, as is well known, Yan Slyke (327) has shown that in 
vitro this reacts with amino acids extremely rapidly, 
whereas, by contrast, its reaction with ammonia or as- 
paragine amide nitrogen is extremely slow. The actual 
concentration of free nitrous ions in the cells may be low, 
and must depend on the hydrogen ion concentration of the 
sap, but we have already seen that tliis may vary within 
the cell, as between cytoplasm, cytoplasmic saps and 
vacuolar sap, respectively, and on this aspect of the ques- 
tion we really have very little ad hoc information. The 
rate of production of gaseous nitrogen, and therefore of 
nitrogen loss, may actually be extremely slow, but it 
would be greatest under conditions which provide abun- 
dance of amino nitrogen, i.e. in older leaves which tend to 
protein hydrolysis, or in younger leaves exposed to the 
light, which synthesise amino acids from ammonia. 

These observations of Pearsall and Billimoria are of 
the greatest importance in studies of plant nutrition, and 



DETACHED LEAVES 


183 


must also be taken into account in experiments dealing 
with detaebed leaves, for there the protein breakdown to 
give amino acids may lead either to nitrogen losses 
through interaction with nitrite derived from tte nitrate 
present, or even to the synthesis of nitrate by preliminary 
oxidation of these amino acids to give ammonia. A syn- 
thesis of nitrate in cultured tobacco leaves has indeed 
been reported by Vickery, Pucher and their colleagues 
(336, 335), and more recently by M. C. McKee and Lobb 
(159) in the leaves of Swiss chard and tomato subjected 
to culture or to air-drying at room temperature. 

4. Decomposition of the Proteins in Detached Leaves. 

In Chapters VI and VII, dealing with the proteins of 
leaves, I showed that they were to be regarded, at least in 
very large part, as constituents of the cell protoplasm, 
and as I wish to give now an extended discussion of the 
metabolism of these substances in leaves detached from 
the parent plant, it is pertinent to enquire whether the 
breakdown of protein, which is always observable within 
a few hours, takes place at the expense of one or both the 
two main components of the protoplasm, i.e. whether the 
proteins of the cytoplasm or of the chloroplasts can be re- 
garded, perhaps only in part, as “reserve proteins” (cf. 
Nightingale, 185). In such an enquiry we are aided by the 
fact that the chloroplasts contain pigments which are ab- 
sent from the cytoplasm, so that by following their grad- 
ual disappearance in the detached leaves, we can obtain 
some measure of chloroplast disintegration. 

Sachs (259), in 1863, showed by microscopic observa- 
tion that in starved leaves the size of the chloroplasts di- 
minished and, in 1883, Zaeharias (366) noted that these 
organs were the parts of the leaf cell richest in protein. 
Molisch (172) agreed, and, although he thought that the 
stroma disappeared completely during yellowing, could 
always obtain positive xanthoproteic tests for protein. 
Meyer (166) found that the intensity of this reaction va- 
ried with the age of the leaf, due, he thought, to the amount 
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of ergastic (non-living reserve) protein present, and 
noted also that a reduction in the green colour of leaves 
runs parallel with a reduction in the size of the chloro- 
plasts and in their protein content. These observations 
were extended by Ullrich (326), who concluded that 
chloroplasts could be the seat of intense protein synthesis, 
and that light played no essential role in the process. He 
also surmised that protein synthesis, unlike carbohydrate 
synthesis, could also take place in other regions of the 
leaf cells. All these deductions were made from observa- 
tions under the microscope, and it is only in recent years 
that the protein-pigment balance has been studied by 
chemical methods. 

Here the studies of Michael (169) with the nasturtium 
(Tropaeolum majus) are of exceptional interest. He 
found that detached leaves of this particular plant yellow 
readily and progressively from the point of convergence 
of the leaf ribs, with such a sharp boundary between the 
yellow and green portions that the extent of yellowing 
could be easily estimated by measurement with a plani- 
meter. The change was strictly a vital process, for leaves 
with partial yellowing showed no increase in this on being 
killed. 

Visible yellowing could normally not be detected in less 
than five days, when much protein had already been 
broken down, but analysis showed that part of the chloro- 
phyll had by then actually disappeared. Comparative 
analyses were therefore made of the chlorophyll and pro- 
tein nitrogen contents of leaves detached from the plants 
at various stages of growth, both before and after being 
kept in the dark for varying periods. The graph given in 
figure 3 shows the average of many such results ,* all the 
data tend to lie on a straight line, indicating a direct rela- 
tionship between decrease in chlorophyll and in protein. 
The line cuts the abscissa above zero at a point which 
corresponds to the protein level at the time when the com- 
pletely yellowed leaves die. In experiments covering 4-6 
days, the decomposition generally follows a line parallel 
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to tlie average (4 and 5 in figure 3), for sliort periods of 
1-2 days, however, the line is less steep (1, 2 and 3, fig- 
ure 3), showing that, in the initial stages, protein is being 
decomposed more rapidly than chlorophyll, and suggest- 
ing preferential utilisation of cytoplasmic proteins. 



Fig, 3 . ChlorophylUProtem Batio in Detached (Half) Leaves during 
Decomposition in the Dark, Arrows 1-3: one half analysed at once^ the 
other half after 40-48 hours in the darlc; arrows 4-5: similar experir 
mentSf the other half heing kept 4-6 days in the dark. (From Michael^ 
169.) 

Further support for the hypothesis that, within narrow 
limits, there is a constant ratio between the content of 
chlorophyll and of protein was provided by esperiments 
in which protein decomposition was hastened or retarded ; 
in both eases equivalent chlorophyll changes were ob- 
served. These esperiments, moreover, showed that the 
proportion of protein decomposition products present 
was of importance, smce yellowing was retarded in young 
leaves without petioles (no translocation), less so in 
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leaves with, petioles (translocation to the latter occurs) 
and not at all in old leaves (which contain very little 
nitrogen). With detached autumnal leaves, however, a 
pronounced difference was noted between those kept in the 
Ught and in the dark. The chlorophyll disappeared more 
slowly in the former case and the yellowing, instead of 
spreading out evenly from the leaf base, took place slowly 
over the whole surface of the leaf, which gradually 
changed from deep green to pale green, yellow green and, 
finally, pure yellow. The observed protein decomposition, 
moreover, which was less than in leaves kept in the dark,.- 
did not keep pace with the chlorophyll disappearance, 
suggesting that protein synthesis — at the expense of the 
decomposition products-^was taking place concurrently 
with the normal protein breakdown. Michael accordingly 
considered that the difference in the behaviour of the 
leaves kept in the light was due to the removal of fission 
products by renewed synthesis under the action of light, 
so that there was no place of preferential proteolysis (as 
at the base in darkened leaves) and the leaves yellowed 

uniformly. _ . , 

Michael concluded from his experiments that m leaves 
there is a close relationship between the total protein and 
the chlorophyll, and, since the primary process of yellow^, 
ing must be the decomposition of the chloroplast protein-, 
pigment complex, it is clear that a decomposition of the 
cytoplasmic protein must take place at a similar rate. A 
mutual relationship between the two main protein groups 
of the protoplasm is thus postulated. 

An earlier experiment of my own with Grover (43) sup- 
ports this contention of Michael. Leaves of the runner 
bean were kept with their petioles in water for four days 
and then treated by Method B (p. 146) to extract proteins 
and water-soluble nitrogenous products. 

In spite of considerable protein decomposition, the 
relative amounts of chloroplastic and cytoplasmic pro- 
teins extracted was the same in both cases, and since we 
assumed that the unextracted nitrogen represented pro- 
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tein wl;iich did not differ materially from that which had 
been extracted (the validity of this assumption is dis- 
cussed fully on pp. 159, 160), we concluded that the pro- 
tein decomposition had taken place at the expense of both 
the protein fractions concurrently. 


TABLE 67. 

(From CHbnall and Grover, 43.) 

In percentages of total 



leaf-N 



Leaves kept witk 

Freshly 


their petioles in 

picked 

Phaseolm multiflorm 

water for 4 days 

leaves 

CMoroplastic protein-N .......... 

.......... 33.5 

35,4 

Cytoplasmic protein-N 

.......... 14.9 

16.4 

Water-solnble non-protein-N' ...... 

28.5 

15.8 

Unextraeted-N 

.......... 23.3 

32.4 


In further experiments with Jordan (113), again using 
leaves of the runner bean kept with their petioles in 
water, it was shown that the breakdown of protein was 
accompanied not only by a disappearance of chlorophyll, 
but of carotene, xanthophyll, glycerides and phosphatides 
as well. Since the ratio total protein : phosphatide was un- 
changed over a 5-day period, when the leaves were still 
green, and also over an 8-day period, when they had yel- 
lowed, it may be inferred that we are dealing here with a 
general 'breakdown of protoplasm. WmalUj, during an in- 
vestigation of the lipoids of many forage grasses, my col- 
leagues and I have found a fairly constant protein- 
carotene ratio (confirming Fagan and Ashton, 80a), an 
increase in protein content due to nitrogenous manuring 
leading to a corresponding increase in all the various 
lipoid fractions, and since the whole of the carotene and 
most of the phosphatide in leaves is present in the ehloro- 
plasts, it would appear that there is ample supporting 
evidence for the contention that a mutual relationship 
exists between the chloroplastic and cytoplasmic proteins. 
Synthesis or decomposition of protein in leaves therefore 
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entails approximately equivalent changes in each of these 
main groups, both of which can thus be regarded— with a 
lower limit set by the death of the cell— as reserve mate- 
rials from the standpoint of protein metabolism. 

I have, throughout this discussion, been forced, from 
lack of evidence, to neglect the proteins of the nucleus. 
Molisch (172) found that the nucleolus and other nuclear 
material participated only to a very slight extent in the 
xanthoproteic colour reactions of leaf tissues, and it is 
probable that the amount of nueleo-protein in leaves is 
small. 


CHAPTER IX 


PROTEIN METABOLISM IN LEAVES 
{Continued) 

1. The Possible Bole of Asparagine and Glutamine in the 
Respiratory Activities of Plants. 

A SPARAGrlNE and glutamine, as we have seen in 
/% Chapter IV, can be synthesised in the plant from 
^ ammonia — ^produced through oxidative deamina- 

tion of amino acids, or supplied from external sources — 
and a non-nitrogenous precursor which can be readily 
metabolised from carbohydrate reserves, especially glu- 
cose, and perhaps also from the nitrogen-free residues re- 
sulting from the amino acid deamination. In addition, we 
have the circumstantial evidence brought forward by 
Prianischnikow (see p. 78), reinforced by deductions 
which can be drawn from certain experiments of Schulze 
(see p. 94), that asparagine formation in young plants 
may be concerned in respiration. To amplify these views 
it is necessary to discuss at some length the metabolism 
of the non-nitrogenous precursors of the two amides, for 
these must clearly be the connecting links between pro- 
teins on the one hand and carbohydrates, such as glucose, 
on the other. 

The suggestion that, in the case of asparagine, the non- 
nitrogenous precursor might be malic acid goes back to 
1867 (Beyer, 13), and various Ot-dicarboxylic acids have 
been assumed to be speculative possibilities even in recent 
time : Mothes, for instance, as I shall show later, claims to 
have achieved the synthesis of this amide from the ammo- 
nium salts of fumaric, succinic and malic acids. Yet thei 
newer knowledge of amino acid synthesis, summarised ini 
Chapter V, would point to oxalacetic acid as the penulti-1 
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mate precursor of asparagine, and a-ketoglutaric acid as 
that of glutamine (reaction 6, p. 109) : is it possible that 
in the plant these two ketonic acids can be metabolised — 
perhaps in processes connected with respiration— from 
well-known plant acids such as malic acid, succinic acid or 
citric acid? Recent work on the role of organic acids in 
animal-tissue respiration presents the plant biochemist 
with many interesting, if speculative, suggestions. 

It has been known now for some years (4, 98, 363) that 
muscle tissue, for instance, contains enzymes which will 
bring about the following interactions : 

REACTION 8. 


CO,H 

1' 


CO.H 

1 


COjH 


CO^H 

1 

CH^ 

-2H 

i 

CH 

+H,0 

I 

CHOH 

~2H 

1 

CO 

1 


11 


1 


1 

CH, 

-fSk ■ 

CH 

-H^O 

CH^ 

+2H 

CH, 

1 

GO^H 


1 

CO^H 


CO^H 


1 

CO^H 

succinic 


fumarie 


Z-malie 


oxalacetic 

acid 


aeid 


acid 


acid 


Moreover, Stare and Baumann (315), in keeping with 
the original suggestion of v. Szent-Gyorgyi (322, 323), 
have recently shown that each of these four acids will 
catalytically promote oxidations, probably of carbohy- 
drates, in minced muscle tissue. In addition, an actual bio- 
logical interrelationship between fumarie acid and aspar- 
tic acid was demonstrated in 1926 by Quastel and Woolf 
(236a), while Virtanen and Tarnanen (350) have since 
claimed that weak aspartase activity is exhibited by ger- 
minating peas and the leaves of young red clover. 

. There are thus reasonable grounds for assuming that 
[asparagine might be synthesised in the plant from ammo- 
mia and either succinic, malic or fumarie acids, as well as 
prom oxalacetic acid (reaction 6). Such a mechanism, 
however, would not immediately relate asparagine pro- 
duction with respiration, and a possible connection be- 
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REACTION 9. 


CO,H 

CO,H 


CO,H 

1 

CH' +NH3 

CHNH, 

+NH3 

CHNH, 

|] 

1 


1 + 

CH -NH3 

1 ^ 

CH, 

-NH, 

CH, 

CO2H 

CO,H 


1 

CONH 2 

f umarie acid 

Z( — ) -aspartic acid 

?(—) -asparagine 


tween these two activities does not become apparent until 
we extend our speculation one step further — to the syn- 
thesis of glutamine. 


Here, another well-known plant acid, citric acid, would] 


appear to take part. In the first place, Krebs and Johnson|^ 
(126, 127) have shown that this acid has a similar cata- 
lytic effect to the above-mentioned C^-dicarboxylic acids, 
in promoting the oxidation of carbohydrates Jn minced 
muscle tissue. Next, they have shown that when excess of 
oxalacetic acid is added to minced muscle tissue large 
amounts of citric acid are formed. They infer that the two 
extra carbon atoms required for this synthesis arise 
through the induced oxidation of carbohydrate, which 
would be in keeping with the demonstration of Knoop and 
Martins (151) that citric acid is formed in vitro if qx- 
alacetate and pyruvate are allowed to react in an alkaline 


REACTION 10. 
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CO,H 
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CO 

-f-O 

1 

CO -f 
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HO— C— CO,H 

1 

CH, 



1 

CH, 

CO,H 


1 

CO,H 

pyruvic acid 

oxalacetic acid 

citric acid 
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medium and are subsequently treated with hydrogen per- 
oxide. 

The oxidation of citric acid itself (by liver dehydro- 
genase) has been shown by Martins and Knoop (152, 150) 
to give (in part) a-ketoglutaric acid, and it is of interest 
to note that the first two intermediary products which 
they postulate are known plant acids. Wagner-Jauregg 
and Eauen (351) had previously shown that citric and 
isocitric acids can be dehydrogenated by methylene blue 
in the presence of various seed extracts, although the 
products of the reaction were not identified. 


EEACTION 11. 
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acid 

acid 
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a/ 


a-Ketoglutaric acid is readily oxidised in the animal 
body to succinic acid. Decarboxylation may take place un- 
der the action of carboxylase, but Weil-Malherbe (358) 


REACTION 12. 


CO,H 

I 


CO,H 

CO 


I 

1 

+0 

CH, 

CH, 


1 


CH, 

CH, 

1 



CO,H 

CO,H 

a-fcetogiutarie 

Bueeinio 

add 


aeid 


-f CO, 



ROLE OF AMIDES IN LEAVES 


193 


has shown that, under anaerobic conditions, a dismuta- 
tion may occur, with the parallel production of l (— )-a-hy- 
drosyglutaric acid, which is known to occur in plants. 

Finally, by reaction 8, the succinic acid passes to oxal- 
acetie acid, and the “citric acid cycle” of Krebs and John- 
son is complete. This scheme, they maintain, makes clear 
the manner in which citric acid and the C^-dicarboxylic 
acids act as catalysts; the substances undergo alternate 
formation and decomposition, and the net effect of the 
cycle is the oxidation of carbohydrate. If such a cycle 
should be operative in plants then, under conditions such 
that ammonia is accumulating in amount likely to become 
toxic (Prianischnikow), and we know that the tolerance 
level varies from plant to plant (private communication 
from Dr. Vickery; see also Burkhart, 25), the free ion 
may be removed as the ammonium salt of one or more of 
these acids (Euhland and Wetzel, 255, 256, 257), a-keto- 
glutaric acid may be withdrawn from the cycle for the ^ 
synthesis of glutamine and either fumaric or oxalacetic 
acids may be withdrawn for the synthesis of asparagine. 

Asparagine and glutamine synthesis in the plant canj 
thus be related to the oxidative breakdown of proteins^ ^ 
carbohydrates and fats as shown in reaction 13, page 194. 

The amino acids derived from protein digestion un-j 
dergo oxidation to give ammonia and a-ketonic acids. The 
latter may condense with oxa lacetic aci d (step a) to givej *■ 
citric acid and carbon dioxide^ or may undergo furthei 
oxidation to give succinic acid (step d), (directly, or via, 
acetic acid, see p. 97). Pats will also undergo oxidation to 
give succinic acid in the same direct or indirect way ( Ver- 
kade, 329). Carbohydrates are oxidised according to the 
“citric acid cycle,” the succinic acid formed from the 
other two sources entering at the appropriate stage. 

The quantitative significance of such a cycle will de- 
pend on the rate of the slowest partial step and may thus 
lead to excess of reactants at certain stages, and it is here 
that I suggest that the plant cell makes use of asparagine 
and glutamine. Citric acid and Z-malic acid are stored as 




194 PROTEIN METABOLISM IN THE PLANT 

such, in the plant and, unlike oxalic acid, are known to b( 
metabolieally active. It is possible that under certain con 
ditions (e.g. extreme starvation), asparagine and gluta 
mine can also be regarded as potential reservoirs of ox 
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alacetic acid and a-ketoglntarie acid, respectively ; thus 
providing the plant cell with a choice of four sources from 
which, if need be, it could obtain energy by operating the 
citric acid cycle, two of them being acidic, the other two 
neutral and all of them at different energy levels. I infer 
that the plant, in synthesising asparagine, normally re- 
quires oxalacetic acid (reactions 1 and 4), rather than 
fumaric acid (reaction 9), for such a mechanism would be 
in harmony with the modem views on amino acid synthe- 
sis (reaction 6). 

I do not propose to enlarge here on the more general 
question of carbohydrate respiration in plants or the 
mechanisms by means of which organic acids may pos- 
sibly be formed from sugar without participation in res- 
piratory activities. Reaction 13 does, however, emphasise 
the important part which might be played in plant res- 
piration by certain organic acids, two of which, citric acid 
and malic acid, are known to be of very widespread oc- 
currence in the vegetable kingdom. Be that as it may, the 
evidence which has so far been brought forward* to show 
that organic acids are actively concerned in the metabolic 
processes of plants, except in a few orders such as the 
Crassulaceae, is extremely meagre, and, as often as not, 
based on unsatisfactory chemical technique (titration for 
total acidity). The scheme must therefore be regarded at 
present as nothing more than a convenient, if speculative, 
working hypothesis, and in the remainder of this, and in 
succeeding chapters, I shall attempt to discover the evi- 
dence which can be adduced in its favour. 



2. The Nitrogen-Free Precursors of Asparagine and 
Glutamine in the Plant. 

In the above-mentioned scheme for the intermediary 
metabolism of asparagine and glutamine in the plant (re- 
action 13), it was suggested, from evidence based in part 
on behaviour in other organisms, that the nitrogen-free 

* An excellent review was published recently by Bennet-Clark (10). 
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precursor of glutamine was g-ketoglutaric acid and of as- 
parag:ine eithe r fumarie ac id, or oxalacetie acid. Hypothe- 
'sesTonSuIated in this facile way, however, which at first 
sight may seem so convincing, may be very difficult to 
prove : all too often the experiments with plant materials, 
designed to provide the necessary evidence, lead to con- 
flicting or uninterpretable results. This does not neces- 
sarily imply that the hypotheses themselves are false ; on 
the contrary, the failure to obtain the expected result can 
frequently be shown, on more searching enquiry, to be due 
to conditions in the experimental plant material being far 
more complex than was at first assumed to be the case : 

( proteins, carbohydrates and organic acids are all three in- 
timately concerned with the living processes of plants, 
and the metabolism of one of them cannot be satisfac- 
torily investigated if concomitant changes in either or 
both of the other two are ignored. This point is empha- 
sised in a striking way by the experiments described be- 
low, in which attempts have been made to discover 
whether certain organic acids can function as nitrogen- 
free precursors of asparagine. 

In the early experiments of Smimow (310), who cul- 
tured seedlings on solutions of the ammonium salts of 
certain Ci-dicarboxylic acids, the time period of the ex- 
periment was long, so that it was sometimes difficult to 
keep conditions sterile, and, in any case, other reactions 
connected with growth obscured the issue. These difficul- 
ties are to a large extent overcome, however, by the 
vacuum infiltration method used by Bjorkst^n (16) to 
promote protein synthesis in leaves. Here the nutrient 
solution enters the intracellular spaces and is thus 
brought into intimate contact with a very large number of 
cells; consequently, under the appropriate conditions, 
synthesis of amides can take place extremely rapidly. 

An interesting series of experiments on these lines was 
carried out by Mothes (179) in 1933. Preliminary trials 
showed the need of great care in the treatment of the 
leaves, otherwise injury to the ceUs, with a hastening of 
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proteolysis, resulted, and false conclusions could easily be 
drawn. The infiltered liquid enters tbe intracellular spaces 
through the stomata and at any cut ends of tissue, the 
amount taken up being very great, up to 50 per cent of the 
fresh weight of the leaf. It is vital that the excess water 
be removed as soon as possible, and the intracellular 
spaces refilled with air ; this is accomplished through stom- 
atal transpiration, which is rapid under these conditions 
if the leaves are exposed to diffuse daylight so that the 
stomata remain open. At the end of 3-4 hours the leaves 
return to their original weight and the transpiration rate 
then falls to normal. The leaves are next transferred to a 
dark chamber and kept in a damp atmosphere (100 per 
cent humidity) for periods up to 30 hours. Under these 
conditions, Mothes states that the degree of proteolysis in 
the infiltered leaves is no greater than in untreated leaves 
exposed for the same period. The sensitivity of different 
leaves to the infiltration process varies, and care must be 
taken to ensure that the nutrient solutions do not cause 
plasmolysis and exudation of cell sap. 

TABLE 68. 

(From Mothes, 179.) 


After 30 hours 
in dark at 28° 


Leaves of Phaseolm 
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weight 

HHg-N 

infil- 


2 X 

multiflorus 
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NHg-N 
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Analysed at once 

24.0 

mg. 

mg. 

0.5 

mg. 
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"water 

m 2 

- , 

0.7 

7.6 
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succinate 
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25.5 

1.1 

21.2 

Infiltered 

ammonium 

fumarate 

20,3 

24.1 

1.1 

28.1 

with ^ 

ammonium 

malate 

22.4 

24.6 

2.1 

24.8 


ammonium 

aspartate 

23.9 

14 (+13.5 

1.8 

30.4 




amino-N) 
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Mothes first infiltered well-nourislied leaves of the run- 
ner bean with ammonium salts of various organic acids 
(0.1 M., butfered at pH 6.9-7.0) in an attempt to prove the 
relationship between aspartic, fumaric, malic and succinic 
acids embodied in reactions 8 and 9, pp. 190, 191. 

After 30 hours, a large production of amide nitrogen 
had occurred, but Mothes realised that these results did 
not necessarily prove that the carbon skeleton was pro- 
vided by the infiltered acid, for this might have come from 
the reserve material pre-existing in the cell. He therefore 
repeated the experiment with leaves which had been kept 
in the dark for five days before infiltration, so as to de- 
plete them as far as possible of available carbohydrate 
reserves. 

TABLE 69. 

(From Motiies, 1?§.) 

Fhaseolus multiflorus Per 100 g. fresh leaves 

r - — — — ~ 
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Water 




lOA 

30.8 
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malate 

21,9 

32.0 
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22J 

124.3 

83.6 

635 
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Water 

23,6 


- 

17.5 

60.9 

70.1 

565 

days in 
dark) 
Starved (5 

Ammonium 








days in 
dark) 

malate 

23.1 

34.9 

151 

38.5 

190.2 

82.4 

547 


The results seemed fairly conclusive, for the starved 
leaves built up more asparagine than those well nour- 
ished, the amount in excess of the control being equal to 
0.6 g. per 100 g. of fresh leaves, an astonishingly high fig- 
ure if it be remembered that the total protein nitrogen 
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liberated was only 18 mg. Motbes quotes many other ex- 
periments, especially with species, and consid- 

ered that Ms results provided good evidence for the as- 
partic-fumaric-succinic-malic acid relationsMp set forth 
above. 

At first sight tMs is iudeed so, and the evidence does 
seem convincing; it is not until we look a little more 
deeply into the problem that we realise how much Mothes 
has underestimated its complexity. Protein metabolism- 
in tMs case a simple phase of it, amide metabolism — ^has 
been inferred from observations confined to changes in 
nitrogen; the presence or absence, and therefore the ef- 
fect, of carbo%drates has been deduced from environ- 
mental conditions instead of by direct analyses ; while the 
possibility that the necessary orgamc acid precursors 
were already present, and available in sufficient amount, 
in the leaves, has not been considered. Mothes ’s results, 
therefore* without further supporting evidence, cannot be 
accepted as final. 

This is the attitude taken by Schwab (304), whose 
stimulating work on similar lines reopened the whole 
question, but who has himself not realised, in my opinion, 
the full complexity of the problem under investigation. 
Unlike Mothes, who appears to have been careful so to ar- 
range the conditions of Ms experiments that proteolysis 
was reduced to a minimum, Schwab in some cases has de- 
liberately employed substances which have led to exten- 
sive proteolysis. Moreover, he has designedly infiltered 
(by centrifuging, instead of in vacuo) more dilute solu- 
tions of his reacting substances than Mothes, and there- 
fore deals iu most cases with relatively small increases in 
amide nitrogen; otherwise he has followed Mothes ’s gen- 
eral technique. 

Schwab noted first of all that the acetate ion brought 
about proteolysis in the leaves of the runner bean, and 
then carried out the following experiment with carbohy- 
drate depleted leaves of Fittonia VerschaffeUii. 
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TABLE 70, 
(From Schwab, 304.) 



After 24 hours 

Untreated 

Leaves of Fittonia Verschaffeltii 

in the dark 

leaves 

Kept in the dark for 4 Inmtered with : 

NH, 


days (fresh weight 16 g.) 

succinate 

acetate 



mg. 

mg. 


Ammonia-N 

1.01 

3.13 

0.49 

G-lutamine amide-N 

0.67 

1.00 

0.38 

Asparagine amide-K 

4.03 

4.50 

1.47 

Protein-N 

87.12 

75.60 

85.12 

Increase in totol-1^ of amides + ammo- 




nia-N 

6.22 

9.97 

- 


Total-N infiltered : 7 mg. 


The ammonium succinate had induced a strong amide 
synthesis, and there was no protein decomposition; the 
acetate-ion, however, had again caused intense protein de- 
composition, yet only 2.97 mg. of the released nitrogen 
had appeared in the form of amides. Of the infiltered am- 
monia 3.87 mg. had thus been metabolised to amides, the 
carbon framework of which was drawn from some non- 
protein source. Schwab concluded that the succinate-ion, 
contrary to the idea of Mothes, need have played no es- 
sential role in the other case quoted. 

His nest experiment was with prophyils of Phaseolus 
muUiflorus which had been kept for two days in the dark. 
These were infiltered with 0.05 M. nutrients butfered at 


pH 6.4. 


TABLE 71. 


(From Schwab, 304.) 

Prophyils of Phaseolm 
rmUtiflorm (fresh weight 28 g.) 


After 21 hours in the dark 




NH* 


NH, 


Infiltered with : 

malate 

oxalate 

sulphate 


mg. 

mg. 

mg. 

mg. 

Ammonia-jSr ....... 

1.12 

i.m 

6,30 

1.64 

Amide-N ......... 

5.60 

9.76 

12,20 

9.65 

Protein-N 


126.00 

105.00 

100.80 

Increase in amide-R 

.......... - 

4.16 

6J0 

4.05 
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In the ease of the oxalate, very little ammonia Jiad been 
used and the increase in amide nitrogen was clearly due 
to proteolysis. The malate and sulphate, however, show 
equal increases in amide nitrogen and, if the respective 
leaves were infiltered with equal amounts of ammonia (as 
I assume), then the carbon skeleton of the amide may 
have come in both instances from the same source. 

In another, experiment, he infiltered etiolated wheat 
seedlings with arhmonium bicarbonate and also with the 
sodium salts of aspartic and glutamic acids, the treatment 
being repeated after two days in the dark. 

TABLE 72. 

(From Schwab, 304.) 


3-week etiolated seedlings 

of Tfitimmsatimm i 

(fresh weight 40 g.) 





Na 

Na 




aspar- 

gluta- 

Infiltered with 

:H,0 

NH*HC 03 

tate 

mate 


mg. 

' w* 

mg. 

mg. 

Ammonia-N 

0.84 

7.17 

2.13 

1.68 

Glutamine amide-N 

0.42 

3.12 

3.36 

3.00 

Asparagine amide-N 

9.96 

13.64 

13.77 

13.51 

Protein-N 

95.20 

105.00 

112.00 

112.00 

Increase in total amide-N . . 

■ . -■ : ■ 

6.08 

7.45 

6.83 


The amounts of both amides formed in each case being 
the same, Schwab concluded that the aspartic acid and 
glutamic acid had first been deaminated and the resulting 
ammonia used for amide synthesis in the usual way. With 
this conclusion I do not entirely agree, for I think that 
Schwab has failed to take into account the fact that not 
only was protein being synthesised in the growing parts 
but protein decomposition was (presumably) stiU going 
on in the endosperm. It seems to me that we have here a 
parallel case to the experiments of Prianischnikow which 
I discussed in Chapter TV (p. 100) : in the growing parts, 
synthesis of protein is taking place preferentially at the 
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expense of amino acids and tlie observed increase in 
amide nitrogen may be dne to the continued decomposi- 
tion— perhaps stimulated by the infiltration— of tbe re- 
serve protein in tbe endosperm, for Schwab himself shows 
(cf. his table 4) that the endosperm protein of wheat 
gives, on germination, glutamine as well as asparagine 
amide nitrogen. In the absence of data concerning the 
changes in amino nitrogen and in residual protein of the 
endosperm, I cannot profitably discuss this experiment 

Schwab felt that his numerous experiments had failed 
to substantiate Mothes’s ideas, and to clinch the naat- 
possible, he attempted to follow the fate of the infil- 
tered organic acid (by change of total acidity). The first 
experiment with Ijappa toTitc^toi^a and ammonium succi- 
nate showed that much more acid was used up than the 
equivalent of asparagine formed, and the same was true 
of malate, which he used because (he states) it is more 
resistant to the attack of dehydrases. The experience, 
however, showed that these leaves were not well suited 
for this purpose, and he made further experiments with 
leaves of the runner bean which had been kept in the dark 
for three days to deplete them of carbohydrate reserves. 
Using 0.1 M. ammonium malate, an approximate equiva- 
lence was found (column 1). 

TABLE 73. 

(From Schwab, 304.) 

Per 100 g. fresh leaves 



(1) 

(2) 


3-day dark- 

4-day dark- 


ened leaves infll- 

ened leaves infil- 


tered and kept 24 

tered and kept 24 

Fhaseolus multiflorus 

hours in the dark 

hours in the dark 


mg. 

mg. 

Asparagine synthesised , * , . 

456.1 

5.4 

Malic acid infiltered 

597.8 

298.7 

Malic acid left , • * * 

200.2 

78.8 

Malic acid used up . * 

397.8 

220.1 
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In a further experiment, however, with leaves infiltered 
this time with 0.05 M. potassium caleinm malate (col- 
umn 2), very little amide was formed, although a large 
amount of acid was consumed. Schwab admits that the 
latter might have been used for energy metabolism, thus 
sparing the oxidative breakdown of protein. 

Summarising his own work, Schwab stated that he 
could find no evidence for the essential co-operation of 
C4-dicarboxylic acids in asparagine formation, as Mothes 
had suggested; on the contrary, amide formation ap- 
peared to depend only on the availability of the ammonia 
and the carbohydrate level, the dependence of the carbon 
skeleton on the latter being shown by the synthesis of 
glutamine when leaves are infiltered with ammonium suc- 
cinate or malate. 

While admitting the validity of Schwab’s criticisms of 
Mothes ’s conclusions, and of the deductions he draws 
from some of his own experiments, I cannot agree that 
the latter provide any evidence whatsoever as to the role 
of dicarboxylic acids in amide synthesis. It is to the merit 
of Schwab that he has recognised (again without making 
any ad hoc analyses!) that leaves kept for some time in 
the dark may still contain carbohydrate reserves, but he, 
like Mothes, has overlooked the possibility that an imme- 
diate Ci-diearboxylic add precursor (C5 for glutamine?) 
or a s imil ar acid from which it could be readily produced 
was already present in the leaves and, ia Ms case, in 
amoxmt sufficient to combine with all the available ammo- 
nia. Mothes ’s results quoted in tables 68 and 69 show a 
synthesis of about 0.5 g. and 0.6 g. of new asparagine per 
100 g. of fresh leaf, respectively, amounts very much 
greater than those given in each of Schwab’s experiments 
except the one example quoted in table 73, wherein, inci- 
dentally, he found an approximate equivalence with the 
malic acid used! Assuming that Mothes ’s bean leaves con- 
tained 16 per cent of total solids, then 0.6 g. of asparagine 
would need about 4 per cent of a C4-dicarboxylic acid pre- 
cursor (on a basis of dry weight) ; this might be con- 
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sidered Mgh, and therefore evidence that part of the as- 
paragine had come from the infiltered acid. On the other 
hand, Vickery, Pucher, Wakeman and Leavenworth (336) 
found 15 per cent of malic acid in leaves ot Nicotiana 
tahacum, and, if this acid can function in asparagine syn- 
thesis, the small amount of the latter formed when 
Mothes infiltered such leaves with ammonium pyruvate 
and lactate needs no further comment I (Of. his table 10, 
p. 137.) 

In my opinion, the experiments of both Schwab and 
Mothes provide no definite evidence at all as to the pre- 
cursors of asparagine or glutamine since, as I have stated 
above, the necessary analyses of the pre-formed organic 
acid present in the leaves have not been made. I am not 
denying that the plant can readily synthesise the immedi- 
ate precursors— -be they 0^- or Cs-dicarboxylic acids or 
other, as yet unidentified, products — from plant reserves 
such as carbohydrate; all that I insist upon is that we ex- 
plore the possibilities of those plant acids known to stand 
in close chemical relationship to the amides, and to be 
highly reactive in other biological systems, before invok- 
ing the aid of unknown products. 

This attitude was forced on me prior to the publication 
of Schwab’s paper by some experiments that I had been 
conducting since 1934 on the synthesis of glutamine in 
perennial rye-grass (Lolium perenne). 

In the spring of 1933, G-reenhill observed that certain of 
his pot-cultures of this grass, which had received a heavy 
dressing of ammonium sulphate the previous day, had a 
strange appearance and looked as though a whitewash 
brush had been drawn over the ends of the blades. Closer 
examination revealed the presence of a white substance 
adhering firmly to the ends, and suflScient material was 
eventually collected to show that it was glutamine (Green- 
hill and Chibnall, 99). This gave me the suggestion that 
blades of rye-grass, which must be capable of elaborating 
glutamine with extraordinary rapidity, might be suitable 
for infiltration experiments on lines similar to those of 
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Mothes and reveal tke precursor of the S-earbon skeleton 
in this amide. Solutions of ammonium glutamate, di- 
ammonium glutarate and di-ammonium glutaconate of 
0.1 M. concentration were used. 


TABLE 74. 
(Unpublished data.) 


Biades of Lolium 
perenne (4.vii.34) 

Temp. 16-17° 


Per 10 

g. fresh blades 


Substance 

Time 

in 

Total 

solu- 

Ammo- 

Gluta- 

mine 

As- 

paragine 

Amino-N 
(Van Slyke) 
after re- 
moving free 

infiltered 

hours 

ble-N 

nia-N 

amide-IST 

amide-N 

ammonia 

' 


mg. 

mg. 

mg. 

mg. 

mg. 

Water 

0 

14.2 

0.4 

0.6 

0.5 

7.1 

u 

22 

19.8 

0.2 

1.7 

0.5 

9.1 

Ammonium 

glutamate 

0 

31.7 

8.5 

0.6 

0.4 

15.4 

u 

22 

35.2 

1.4 

7.6 

1.2 

21.8 

Ammonium 

glutarate 

0 

31.7 

16.0 

0.4 

0.7 

6.8 

■ iC 

22 

35.4 

12.8 

3.2 

1.3 

11.8 

Ammonium 

glutaconate 

0 

30.6 

14.6 

0.5 

0.7 

6.8 

u 

22 

35.0 

11.2 

4.4 

1.5 

13.9 


In the case of the ammonium glutamate, the response 
was excellent, and since glutamine gives about 90 per cent 
of its amide nitrogen as amino nitrogen by Van Slyke’s 
method, it can be shown by calculation (allowing for the 
control) that the new glutamine has been formed by de- 
hydration of the ammonium glutamate, thereby showiug 
that the blades contain an actively synthesising glutami- 
nase, an enzyme whose presence in the roots of beet has 
been recently demonstrated by Vickery et al. (334) and in 
animal tissues by Krebs (125). The response with the 
other two salts, although positive, was not very great, and 
the next experiments, usmg ammonium pyruvate, would 
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have seemed much more encouraging if, at the same time, 
another hatch of blades had not been infiltered with di- 
ammonium hydrogen phosphate. 

TABLE 75. 

(Unpublished data*) 

Blades of 
Lolium perenne 
(18.iii*35) 

Temp. 16-18® Per 10 g. fresh blades 

Amino-ISr 
Amino-N after 3 ■ 

after hours at 



Time 

Total 


Gluta- 

Aspara- 

removing 

100® at pH 6 

Substauee 

in 

solu- 

Ammo* 

mine 

gine 

free 

and remov- 

infiltered 

hours 

ble-N 

nia-N 

amide-N 

amide 'N 

ammonia 

ing ammonia 



mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

Water 

0 

13.2 

0.2 

0.9 

0.5 

5.9 

4.7 

ti 

22 

18.4 

0.2 

2.3 

0.6 

9.7 

6.2 

Ammonium 








pyruvate 

0 

21.2 

7.6 

0.9 

0.8 

- 


. it 

22 

24.3 

1.0 

-5.5, 

0.8 

16.3 

5,9 

Ammomma 








phosphate 

0 

24*7 

9.9 

0.8 

0.8 

- 


(1 

22 

27.2 

2.3 

6.0 

0.9 

17.8 

6.0 


In both cases there was a strong synthesis of gluta- 
mine, and the presence of the amide was proved by the 
fall in amino nitrogen equivalent to about 90 per cent of 
the total glutamine-N on heating for three hours at pH 6 
(Chibnall and Westall, 52). Clearly the non-nitrogenous 
precursor required for the glutamine either pre-existed in 
the blades, or was readily synthesised from reserves, and 
our experiments with the ammonium salts of pyruvic, glu- 
taric and glutaconic acid had not given the required infor- 
mation, for there was no evidence that the acid-ions had 
been utilised at all I 

Suspecting that the precursor was actually an organic 
acid, the focus of our research was, for a time, directed 
towards these substances, and, as the infiltration experi- 
ments cannot be conveniently carried out on samples of 
leaves greater than 10-20 g., we sought for a method of 
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estimating tlie total organic acids in not more than 5 g. of 
fresh, leaf material, and the one* finally adopted was a 
modification of that of Pucher, Vickery and Wakeman 
(234,235). 

We then infiltered blades of perennial rye-grass with 
the ammonium salt of a-ketoglutaric acid (prepared by 
titration to pH 6.8). This acid, which was not available in 
our earlier experiments, was used to test reactions 2 and 5 
(pp. 106, 108) and we were able to follow its metabolism 
by a titration of the ether extracted acids for bisulphite- 
binding capacity, the method used for this purpose being 
that of Clift and Cook (54), as modified by EUiott, Benoy 
and Baker (75). 

A preliminary experiment showed that leaves infiltered 
with the ammonium salt and kept for 20 hours in the dark 
showed no visible injury, while the proteolysis brought 
about was no greater than in the corresponding water- 
infiltered leaves. Moreover, the glutamine response was 
excellent, and the whole of the metabolised ammonia was 
accounted for as nitrogen of new glutamine, together with 
a subordinate amount of new asparagine. 

In the next experiment, the 20 g. samples of fresh leaf 
material were rapidly dried in a current of air at 80° be- 
fore analysis.! 

* The dried and finely powdered leaf material (0.2 g.) is ground with 
(usually) 0.2 ml. 5 N hydrochloric acid and sufficient water to make the 
total volume of liquid 0.4 nal., until a uniform mash is obtained. Six 
grams of washed sand are then added and the mixture is ground to a 
paste, which is then transferred to a Soxhlet thimble and extracted with 
ether continuously for 30 hours. The ether extract is concentrated, poured 
into warm water — which removes the residual ether — and the aqueous 
solution filtered to remove lipoids. The slightly brown filtrate is then 
made up to standard volume, the total organic acid and mineral acid 
estimated by titration to pH 7.5 using o-naphtholphthalein, and the 
mineral acid alone by titration in the presence of 9 volumes of acetone 
to pH 4.0, using naphthylamine orange (cf. Richardson, 242). Phos- 
phate and sulphate ions (normally absent) must be allowed for. I wish 
to thank Dr. G-. M. Richardson and Dr. J. W. K. Lu^ for considerable 
assistance in devising this method. 

t The aqueous extract for analysis was prepared in the following 
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TABLE 76. 

(TJapublisiied data.) 

(Figures given are in mg. per 10 g, fresh blades.) 


LoUum perenne 
(16.vi,38) Temp. 20' 


Bi-ammonium a-ketoglutarate 


Water 


Hours 
Ammonia-N 
Total glutamine-H 
Total asparagine-N 
Sum of above 
Amino 'N (Van 
Slyke)* 
Protein-N 
Ketonic organic 
acids t 

Kon-ketonic or- 
ganic acids t 
Eeducing sugars 
Hon-reducing 
sugars 


The blades infiltered with the ammonium salt had un- 
dergone a little more intense proteolysis than those infil- 
tered with water, but even so the data given in columns 6 
and 9 (table 76) showed that the major part of the me- 
tabolised ammonia nitrogen had reappeared as glutamine 
nitrogen. The amino nitrogen figures confirm this. Ke- 
tonic acid had disappeared,!: and, on the assumption that 

way. 0.5 g. of dried material was ground with 50 ml of water and 1 ml. 
of 5 per cent acetic acid, the mixture warmed rapidly to 80®, cooled 
rapidly and filtered. The residue was again treated in a similar way. No 
detectable amount of starch passed into solution. 

* Corrected for abnormality of glutamine, 
f Calculated for convenience as a-ketoglutaric acid (m.w. 146), 
t More direct evidence that the infiitered a-ketoglutaric acid had been 
metabolised, and not other material normally present in the blades 
which exhibits bisulphite-binding capacity, was obtained from a parallel 
experiment in which the ketonic acids were separated by 2,4-dinitro- 
phenylhydrazine. The extract prepared from the blades immediately 
after inffltration with the ammonium salt gave a voluminous precipitate 
from which the 2,4Hiimtropheiiylhydmzone of a-ketoglutaric acid (m.p. 
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it had been metabolised to glutamine, the agreement be- 
tween the calculated and observed values is very fair. 

TABLE 77. 

(From columns 6 and 9, table 76.) 

(Figures given are in mg. per 10 g. fresh blades.) 


Hours 4 20 

Decrease in a-ketoglutaric acid 17.1 26.2 

Calculated equivalent increase in total glutamine-N 3.3 5.0 

Observed increase in total glutamine-N 3.2 5.3 


We had thus obtained convincing proof that, on infiltra- 
tion of blades of perennial rye-grass with this ammonium 
salt, the ammonia had been utilised in the synthesis of 
glutamine, and to a much lesser extent in that of aspara- 
gine, while the amount of a-ketoglutaric acid which had 
disappeared was approximately equivalent to that which 
could have been utilised in the glutamine synthesis. Had 
we, accordingly, obtained convincing proof that the 
a-ketonio acid provided the carbon skeleton of the gluta- 
mine! A study of certain other data provided in table 76 
shows that conditions have again been too complex to per- 
mit of such a straightforward deduction without further 
consideration. 

All starch disappeared from the blades infiltered with 
water during the 20 hours in the dark (colour test) ; this 
was accompanied by an increase in reducing sugars and a 
decrease in non-reducing sugars (column 3, table 76), the 
gross loss being due to respiratory activities. Organic 
i acids were xinchanged. Starch had also disappeared from 
the blades infiltered with the ammonium salt, but, com- 
pared with the water-infiltered control, there was a loss in 
both reducing and non-reducing sugars (column 9, tabled 
76). There was also an increase in the amount of non- 

122°) was readily obtained by fractional crystallisation, whereas that 
made from blades treated in a similar way, but kept for 20 hours in the 
dark, and also from blades infiltered with water, gave a small amount 
of a dark-brown gum from which nothing crystalline could be obtained. 
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ketonic acid present. Since 61 mg. of sugar had disap- 
peared, it might be held that the carbon skeleton of the 
glutamine had come from this source, and the ot-ketoglu- 
taric acid had been oxidised to succinic acid or had under- 
gone dismutation to give ot-hydroxyglutaric acid, thus ae- 
eountiug for the increase in non-ketonic acids. This is 
very unlik ely for two reasons. In the first place the syn- 
thesis of glutamic acid requires the hydrogenation of 
oc-iminoglutaric acid by dihydro-cozymase as hydrogen 
carrier (reaction 2, p. 106), and v. Euler et al. (80) have 
shown that the hydrogen can come into the system by de- 
hydrogenation of glucose. In the second place, Krebs 
(125) has shown that in animal tissues the energy re- 
quired for the synthesis of glutamine from ammonium 
glutamate — which is an endothermic reaction — ^is ob- 
tained through respiration, and that in e.g. brain and ret- 
ina the rate of synthesis is slow in the absence of glu- 
cose. There are thus reasonable grounds for assuming 
that in the infiltered blades of perennial rye-grass a syn- 
thesis of glutamine from ammonium a-ketoglutarate has 
definitely taken place, the hydrogen and energy for the re- 
actions concerned having been provided through the (in- 
creased) respiration of sugars. 

I have dealt with this matter at some length because the 
conclusion of Schwab — ^that he could find no evidence for 
the essential co-operation of 04 -dicarboxylie acids in as- 
paragine formation, which appeared to depend only on 
the carbohydrate level — seems to have strongly influenced 
certain of the contemporary researches which I shall dis- 
cuss later. Mothes's work on the fumaric-malic-sucoinic 
equilibrium in asparagine formation clearly needs repeti- 
tion under conditions in which the fate of the actual infil- 
tered acid is followed, for a determination of change in 
total organic acids, which was Schwab’s procedure, can 
give a misleading result, as the data in table 76 testify. 




CHAPTER X 

THE ROLE OF PROTEINS IN THE 
RESPIRATION OF DETACHED LEAVES 

I HAVE already mentioned tlie limitations of mucli of 
the early work on starved leaves, and it is fortunate 
that in the following discussion I am able to make use 
of the extensive data of two recent researches in which 
these do not apply — that of Yemm, who used barley 
leaves, carbohydrate rich, which were kept in a darkened 
chamber for some days under conditions such that carbon 
dioxide production could be determined ; and that of Vick- 
ery, Pucher, Wakeman and Leavenworth, who used to- 
bacco leaves, poor in carbohydrate and rich in organic 
acid, which were cultured in water for some days either ini 
continuous light or in darkness. 

Before describing in detail these two researches, both 
of which are concerned inter alia with the possible role of 
proteins in the respiration of starved leaves, it is neces- 
sary to mention briefly some early work of Deleano (63), 
who measured the respiration of detached vine leaves 
{Vitis vinifera) floating on water in the dark over a per- 
iod of 493 hours, companion analyses being made at in- 
tervals for mono- and di-saccharides, starch, hemicellu- 
loses, “organic acids,” protein nitrogen, soluble nitrogen 
and ammonia. Certain of the chemical methods he em- 
ployed would now be considered unsatisfactory, but his 
experiments undoubtedly demonstrated that vine leaves,, 
when starved in a darkened chamber containing air satu-*: 
rated with water vapour, exhibit no breakdown of pro- 
tein until after about 100 hours. Starch diminished during- 
this period, but the concentration of monosaccharides re- ' 
mained substantially unchanged. During more prolonged' 
periods in the dark, there was a parallel disappearance of 


I 
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protein and monosaecliarides, and, since the carbon diox- 
ide output was in excess of that which could be ascribed to 
carbohydrates, he considered that this was due to the 
utilisation of protein and “organic acids,” which were 
drawn into respiration because carbohydrates were no 
longer available in sufficient amount for the purpose. This 
result was recognised, at the time, to be of importance, 
for it was in keeping with the idea then current that the 
leaf proteins were stable products which did not enter 
readily into metabolic changes, and it has also been fre- 
quently quoted since as evidence that breakdown of pro- 
tein in leaves occurs only under conditions of carbohy- 
drate starvation, a general conclusion which is certainly 
not in keeping with present-day observation. 

Yemm carried out two main series of experiments : in 
the first (364), the carbohydrate and in the second (365), 
the nitrogen changes in detached and darkened Plumage 
Archer barley leaves were correlated with carbon dioxide 
production. In the former case, I quote chiefly from his 
experiment V, in which the samples consisted of the third 
leaf inserted on the axis, counting the rolled apical one as 
the first, from plants on which young ears were just 
emerging. 

Measurement of carbon dioxide production did not 
start until 6 hours after detachment of the leaf from the 
plant, but determinations were made at 6-hour periods up 
to the 54th hour and subsequently at 12-hour intervals. 
The curve given in figure 4 is very close to the mean of 
the various samples examined, over 70 in all. It rises 
sharply up to the 12th. hour, then falls rapidly to about 
the 40th hour and subsequently remains fairly steady as 
the leaves became yellow. Concurrent with the final 
browning of the leaves there was exudation of water and 
disorganisation of the protoplast, indicating that this 
phase may be considered as the “death” of the leaf ceils. 

^ Sucrose was the chief source of hexose in the leaf, as it 
'initially formed 60-70 per cent of the total carbohydrate 
present. On starvation a rapid fall in the concentration of 
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tMs sugar occurred; concurrently there was a complete 
disappearance of fructose, while the concentration of glu- 
cose rose at first, and later fell away to a low value. This 


Starvation time hours 


Fig. 4 . Carbohydrate exhaustion and carbon dioxide produc- 
tion. fructose; fructosan; - 0 -, mean carbon dioxide; 
glucose; sucrose; ► ^ starch {from Yemm^ 364). 


general interrelationship of these three sugars was ob- 
served in every experiment, starch disappeared slowly 
and continuously, so that^atrthe end of the experiment, 



Starvation time hours 


Fig, 5. Carbon dioxide equivalent to the loss of total carbo- 
hydrate {Experiment V), O, mean €0^ out2>ut; solid line^ 
carbon dioxide equivalent to carbohydrate loss^ the rate of 
carbohydrate loss calculated as mg, carbon dioxide per hour 
per gm, of fresh weight; dotted line^ carbon dioxide not ac- 
counted for by carbohydrate loss {from Yemm, 364), 
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when tlie leaves were 75 per cent yellow, it could no longer 
be detected. 

The rate of total sugar loss was calculated from the dif- 
ference between successive analyses, and it is clear that 
only in the first stages can the carbon dioxide be consid- 
ered to arise solely from these sources. Progressively 
with starvation time, the respiration was taking place at 
the expense of unde&ed sources (indicated by the dotted 
line in fig. 5), and throughout the yellowing period, from 



Fig, 6. Carbon dioxide production and oxygen uptake during 
starvation. Carbon dioxide {Pettenkofer method), — carbon 
dioxide {Haldane method), O ; oxygen, D. Curve A, oxygen 
uptake; curve B, carbon dioxide output; curve C, respiratory 
quotient {from Yemm, 364), 
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the 40th to the 140th hour, less than 25 per cent can be ac- 
counted for by carbohydrate loss. Yemm remarks that in 
certain other experiments he found that, even during the 
first 12 hours, the estimated hexose loss did not account 
for all of the carbon dioxide produced, the utilisation of 
other products depending, primarily, on the initial level 
of available carbohydrate, being delayed if this were high. 
,, Confirmation that carbon dioxide was being actively 
jproduced from undetermined sources was obtained by 
/jimeasurement of the respiratory quotient. Up to the 20th 
hour after detachment of the leaves, a quotient very close 
to unity was recorded, and from the 20th to the 40th hour 
a transition occurred to a value of about 0.8. The lower 
value was maintained during the yellowing phase, but a 
rise was observed after 120 hours concurrent with the 
final rapid fall in rate of carbon dioxide production. This 
rise in the respiratory quotient must be associated with 
the rapid browning of the leaf, and the condition of the 
majority of the cells at this phase indicated that the con- 
nection between these oxidations and normal cell respira- 
tion must have been remote. Suspecting that the unknown 
source of carbon dioxide production might be protein, 
Yemm repeated these experiments the following year, at- 
tention being paid to nitrogen changes. In this ease both 
Plumage and Spratt Archer varieties were used, grown 
under slightly different experimental conditions, but the 
results of carbon dioxide production and nitrogen analy- 
ses indicated that neither varietal nor cultural differences 
were serious enough to make a direct comparison difficult. 

The rate of protein breakdown, as indicated by de- 
crease of insoluble nitrogen, seemed to be greatest during 
the early stages of starvation and no true sparing action 
of carbohydrate was observed, since during this initial 
phase the carbohydrate concentration was at its greatest. 

I Yemm suggests that a continuous hydrolysis of protein 
may be a normal mechanism whereby proteins, synthe- 
Isised in the mature leaf, are translocated to other parts 
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of the plant — citing previous speculations of my own 
(36, 37) whieli I shall discuss more fully later. 


"V^llow 


Hours starvation 


Fig, 7, Changes of total insoluble and total soluble nitrogen 
during starvation {Experiment X.) and mean rate of carbon 
dioxide production. Yellowing and browning of the leaves 
shown for comparison. CO^ production -O; total insoluble 
fdtrogen 0/ total soluble nitrogen A; % area, yellow O; 
% area, brown • {from Yemm, 365). 


The decomposition of protein was accompanied by a 
corresponding increase in the soluble nitrogenous prod- 
ucts and in all his experiments Yemm found that during 
approximately the first 24 hours the only considerable 
change involved the amino and glutamine amide frac- 
tions. After about 24 hours, asparagine amide nitrogen 
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increased and rose to a high value during yellowing, while 
free ammonia accumulated slowly after about 48 hours. 
A final phase was characterised by a rapid formation of 



20 



Fig, 8. Changes in amino ^ amide and ammonia fractions dur- 
ing starvation {Experiment XJ), and mean rate of carbon di- 
oxide production. Carbon dioxide production, -O' ^ amino nitro- 
gen fraction, O; ^ X unstable amide (glutamine) nitrogen, 
a ; 2 yC stable amide (asparagine) nitrogen, A ; ammonia 
nitrogen, # (from Yemm, 365) „ 


ammonia, considerable quantities escaping as gas after 
browning of the leaf and significant losses probably oc- 
curred from the onset of browning, after about the 120th 
hour of starvation. 
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In light of the general evidence available at the time, 
Temm discussed the possibility that the rapid production ; 
of glutamine during the first 24 hours of starvation might' 
be due either to primary protein breakdown, or to second- 
ary oxidative processes involving the synthesis of glu-j; 
tamic acid from pyruvic acid via Oja'-diketoadipic acid[ 
and a-ketoglutaric acid according to the scheme of Weil- 
Malherbe (356) and could come to no definite decision. 
Dr. Yemm has since carried out another series of experi- 
ments on similar lines, and I have to thank him for 
permission to incorporate the following unpublished data, 
which show that both alternatives are possible. 

TABLE 78. 

(From Yemm, 365, and unpublished data.) 

(Figures given are in mg. per g. fresh tissue.) 


Blades of barley 
Experiment IX of 1935 


Period 

Increase 

Increase 

Increase in 
amino-N less 
that due 

De- 

Amide-X 
of decom- 

of star- 

in total 

in total 

to aspara- 

crease 

posed pro- 
tein^ X 2 

vation 

gluta- 

aspara- 

gine and 

in pro- 

(hours) 

mine-X 

gine-N 

glutamine 

tein-X 

(calculated) 

24 

0.42 

0.02 

0.32 

0.94 

0.09 

48 

0.84 

0.36 

0.46 

2.34 

0.23 

72 

0.95 

0.98 

0.19 

2.60 

0.26 


These results show that within the Arst 24 hours the 
amount of glutamine formed is about four times that 
which could have arisen by primary protein decomposi- 
tion, assuming that the protein amide nitrogen be exclu- 
sively assigned to this amide. Dr. Yemm informs me that 
two other experiments of his 1934-1935 series gave re- 
sults that were equally as emphatic. 

In another case younger plants had been used and the 
breakdown of protein was much less rapid. It will be seen 

The amide-N of the isolated barley leaf protein is 4,8% of the 
total-K (Private communication from Dr. Yemm.) 
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that the glutamine produced could have been of primary 
protein origin, again with the reservation mentioned 
above. 

TABLE 79. 


(From Yemm, unpublislied data.) 
(Figures given are in mg. per g. fresh tissue.) 

Blades of barley 
Experiment VIII of 1937 


Period of star- 
vation (hours) 
24 
48 
72 


Increase in glu- 
tamine amide-N 
0.060 
0.125 
0.250 


Decrease in 
protein amide-N"*^ 
0.060 
0.115 
0.250 


These experiments of Yemm are of great interest, for 
they show that breakdown of protein is discernible within 
24 hours of the leaf being detached from the plant, and 
that, under certain conditions, the amino acids resulting ’ 
from this decomposition have by then already undergone/ 
oxidation to give ammonia for glutamine production. Asl 
Yemm points out, the effect of such an oxidation on the 
total gaseous exchange would be scarcely beyond the limit 
of accuracy with which the respiratory quotient was de- 
termined. 

In accordance with his deductions from carbohydrate 
analyses and measurements of the respiratory quotient, 
|Yemm found that the time at which asparagine began to 
iaccumulate corresponded closely with that at which the 
Ibreakdown of protein appeared to be important in carbon 
jdioxide production. Such a transformation, nevertheless, 
should give a respiratory quotient of only 0.7 as against 
an observed value of over 0.8 and he discussed at some 
length the possible reasons for the discrepancy. The inter- 
pretation of his results was, however, incomplete, for he 
had not (at the time) investigated the fate of the organic 

* Determined by hydrolysis of the leaf residues with 5% HCl for 
3 hours. The amide-N was 5.1% of the total-N. (Private communication 
from Dr. Yemm.) 
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acids present in tlie barley leaves. It is for tMs reason 
that the pioneer work of Vickery, Pucker, Wakeman and 
Leavenworth (336) is so valuable, for it provided us, for 
the first time, with a complete picture of the organic acid 
metabolism in the starving leaf. 

These latter workers used leaves of Connecticut tobacco 
grown under shade, which were chosen at random from 
the three lowest fully formed leaves growing on the 
plants. They carried out six separate experiments, in 

i which the leaves were placed with their cut ends in water,” 
glucose solution and a n a admoninm salt nutrient . solution, 
respectively, either in continuous darkness or in continu- 
ous light (artificial light was supplied at night). Each 
sample consisted of 60 leavesj the initial fresh weight be- 
ing 1500-1660 g., so that sampling errors alone were ap- 
preciable and one is constrained to overlook small varia- 
tions in composition. 

At the end of 73 hours, those cultured in water in the 
dark were yellow along the margins and veins and the 
yellowing became more extensive with lapse of time, so 
that, at the end of the experiment (143 hours), the whole 
blade was yellow and the tips had already started to 
brown. In the corresponding ease of those cultured in the 
light, however, only a few of the leaves had yellowed at 
the tips and margins after 143 hours. As was to be ex- 
pected, the changes in the chemical composition of the two 
sets of leaves were different. Figures 9-12 refer to the 
samples cultured on water in the light (LW) and in the 
dark (DW). 

The leaves had been picked from the plants fairly early 
in the morning, when the content of sugars and starch was 
very low. Those cultured in the light showed rapid photo- 
synthesis, the organic matter (per 1000 g. fresh weight) 
increasing from 74.6 g. to 102.4 g. in 143 hours. This was 
due in part to increases in total (both fermentable and 
unfermentable) sugars and in starch, but other, undeter- 
mined soluble products were also formed. In this particu- 
lar experiment glucose and sucrose were not separately 
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determined, but Dr. Vickery has kindly supplied me -with 
data from a similar, but later, experiment, wMcb show 
that the main increase in fermentable sugar is due to glu- 
cose (fig. 12). Here the increase in total organic soKds 



was satisfactorily accounted for in terms of total sugars 
and starch. Prom these results there can be no doubt that 
the leaves had been collected at a stage in the develop- 
ment of the plants when photosynthesis was very active, 
and the products were being almost completely translo- 
cated away from them at night. In contrast to those cul- 
tured in the light, those cultured in the dark showed a 
substantial fall in total organic solids (from 72.5 g. to 
56.15 g. per 1000 g. fresh weight) and both starch and 
sugar rapidly disappeared. 
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TABLE 80. 

(From Vickery, Pucker and colleagues, 336.) 


Leaves of Nicotiana 

Tabacum Unless stated, in g. per 1000 g. fresh leaf 

Hours 0 25 49 73 95 143 

Cultured on water in light 

Malic acid 15.20 15.00 15.80 16.20 15.10 16.40 

Citric acid 3.26 3.25 3.24 4.02 3.68 3.50 

Oxalic acid ..... 1.57 1.62 1.64 1.57 1.65 1.65 

Undetermined (mg. 

equivalents) -3.00 -0.20 21.00 15.70 28.40 34.80 

Cultured on water in dark 

Malic acid 15.20 12.00 10.70 6.55 6.02 4.48 

Citric acid 3.26 4.88 5.20 7.08 8.73 9.45 

OxaKeaeid 1.57 1.56 1.61 1.76 1.84 1.64 

Undetermined (mg. 

equivalents) -3.00 16.10 47.50 58.40 29.90 28.20 


The organic acids which were deternoined hj the meth- 
ods of Pucher and his colleagues (233, 235, 236) likewise 
exhibited an interesting difference in the two cases. Vick- 
ery, Pucher and their colleagues remark that, according 
to their experience, the organic acid content of leaves) 
varies with age, and, as the leaves used in the different| 
experiments cited were not all of the same age, minor dif-: 
ferences may not he significant. In spite of this, however, 
many interesting points emerge. The total organic acid 
content, for instance, was enormously high — 20.1 g. per 
1000 g. of fresh leaves, equal to 22 per cent of the total 
solids and 27 per cent of the total organic matter present. 
During culture in the light, there was a small, and they^ 
think a significant, increase .iu organic ac ids of unknown^ 
constitutipnJlth e total iaitia Lcu:gmiiie.a(n was 311 mgi 
equivalents), hut the amounts of malic, citric and oxalic^ 
acids were unchanged. In tobacco leaves, therefore, they 
thought it probable that, in the presence of sufficient car- 
bohydrate, organic acids, in spite of the large amounts 
present, are not directly utilised in respiration, and res- 
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piration, indeed, may even lead to an increase in acids 
other than malic acid, citric acid and oxalic acid. 

In the dark, on the contrary, there was no significant 
change in total acidity, but marked changes occurred in 
all the components and, as I shall show later, organic 
acids had undoubtedly been drawn into metabolism. 

The changes in the nitrogenous constituents were also 
of great interest, the variation in the total nitrogen of 
each series illustrating the magnitude of sampling errors 
when comparing leaf material of this type. 

The digestion of protein with the formation of amino 
acids proceeded rapidly and at approximately the same 
rate for the first 73 hours in both cases ; later, the rate 
diminished in the leaves kept in the light, but was main- 
tained in those kept in the dark. The water-soluble ni- 
trogenous products reflected these changes, but the result- 
ing amide metabolisms differed. Asparagine formatiom 
was prompt and rapid in the dark, but was retarded and! 
was much less extensive in the light; glutamine forma-jl 
tion, on the other hand, was rapid in the light and took 
place scarcely at all in the dark. Ammonia formation wag 
of importance only in the later stages of leaves kept in 
the dark. 

Vickery (333), in a later review of this work, has 
shown, by comparison of appropriate data, that amide, 
formation took place through the oxidation of amino| 
acids to give ammonia, which then combined with the nee^ 
essary precursors to produce asparagine or glutamine. Ii^ 
table 81, I have followed a slightly different procedure, 
and have compared the extent of asparagine nitrogen 
production with the total nitrogen set free on protein de- 
composition, as it seems to me that the non-amino nitro- 
.f gen,, as well as the anoino nitrogen, will be available for 
the former purpose. 

Vickery, Pueher and their colleagues (336) discuss at 
.some length the possibility that the organic acids present 
y |n the leaves can act as precursors of the carbon skeletons 
of the amides. During culture in the light the content of 
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TABLE 81. 

(Computed from data of Vickery^ Pucker and colleagues, 336.) 

Leaves of tobacco 
cultured on water 

in the dark In g. per 1000 g. of fresh leaves 

Soluble 
amino-N 

(corrected Total as- 

for abnormal- K of Total paragine-N 

ity of glutam- digested A aspara- -j- free 

Hours ine present) protein (2 — 1) gine-N ammonia-N 


malic, citric and oxalic acids remained nnchanged and 
they considered that these acids could not have been uti- 
lised for this purpose ; moreover, glutamine was formed 
when, and only when, products of photosynthesis were 
available, suggesting that carbohydrate or some other — 
unknown — substance was functioning in this case. 

The origin of the carbon chain in the asparagine, how- 
ever, was more obscure. In the light, tMs amide was 
formed in the presence of abundant glucose ; yet it was 
also formed as readily in the dark when all available car- 
bohydrate had been metabolised. In the latter case much 
malic acid had disappeared, and they considered the pos- 
sibility that this acid might have been utilised for the 
purpose. 

It was clear that asparagine formation could account 
for only a part of the malic acid loss, and, since citric acid 
was also formed concurrently with the asparagine, they 
postulated that this acid might arise from malic acid 
through the condensation of oxalaeetic acid (reaction 8, 
p. 190) with pyruvic acid (formed by decarboxylation of 
oxalaeetic acid) according to the original scheme of Mar- 
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TABLE 82. 

(From Vickery, Pueher and colleagues, 336.) 

In g. per 1000 g. fresh leaves 



Pro- 

Aspara- 

Malic 

acid 

Actual 

malic 

Tobacco leaves cultured in 

tein-K 

gine 

equiva- 

acid 

tbe dark for 143 hours on 

loss 

increase 

lent 

loss 

Water 

1.27 

2.85 

2.89 

10.66 

Glucose solution 

1.15 

2.69 

2.73 

10.60 

Ammonium salt nutrient so- 
lution 

1.16 

3.61 

3.67 

6.50 


tius and Knoop (reaction 10, p. 191). Two molecules of 
malic acid would thus yield one molecule of citric acid, one 
molecule of water and two molecules of carbon dioxide, 
one molecule of oxygen being taken up. Table 83 shows 
the changes which would occur if such a transformation 
were operative. 

TABLE 83. 

(Prom Vickery, Pueher and colleagues, 336.) 

In g. per 1000 g. of fresh leaves 


Tobacco leaves cul- 

Citric 

Malic 

Ratio 
citric : 

Citric 

acid 

gain 

Yield 

in 

tured in tbe dark 

acid 

acid 

malic 

ealcu- 

per 

for 143 hours on 

gain 

loss 

acids 

lated 

cent 

Water 

6.20 

10.66 

0.582 

7.63 

81.3 

Glucose solution 

5.82 

9.92 

0.586 

7.10 

81.9 

Ammonium salt nutri- 
ent solution 

3.92 

6.54 

0.598 

4.68 

83.4 


Certain inferences can be drawn from these results. It 
is obvious that malic acid loss and citric acid gain were 
connected in some way, directly or indirectly, for there 
was no significant loss of malic acid in the light and, cor- 
respondingly, no gain of citric acid. Furthermore, after 
143 hours in the dark, the ratio of citric acid gain to malic 
acid loss was the same in all three experiments, in spite of 
differences in the amounts of acid concerned. Since, more- 
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over, the actual amount of asparagine formed was very 
different in the third ease (cf. table 82), Vickery and his 
colleagues query the view that malic acid, although pres- 
V ent in such large amounts, could function as a precursor 
of asparagine in tobacco leaves. 

These are weighty conclusions drawn from experiments 
carried out with far greater analytical detail than has 
hitherto been attempted and they deserve most serious 
consideration. The criticism that I offer is that these 
workers, in interpreting their results over one period of 
143 hours (with the object, presumably, of eliminating the 
effect of sampling errors), have assumed that in the dark 
the metabolic processes proceed uniformly throughout. If 
a mahc acid-citric acid transformation of the type they 
suggest was operative, and malic acid was not being util-' 
ised for other metabolic purposes such as amide produc- 
tion, then the ratio — ^malic acid loss to citric acid gain — 
ffiould have been approximately constant throughout. 
This was not, however, the ease if the data be considered 
in greater detail; as is sho'wn in table 84, the variations 
are out of all proportion to sampling errors incidental to 
the experiments. 

TABLE 84. 

(Compiled from Vickery, Pucker and colleagues, 336.) 



Batio of citric acid gain to 
malic acid loss 

Hours ................. v, . ... .. 

73 

95 

143 

Tobacco leaves cultured in the 
dark on 




Water 

0.471 

0.634 

0JS2 

Glucose solution 

0.632 

0.468 

0.586 

Ammonium salt nutrient solution 

0.283 

0.458 

0.598 


It is true that the data of Vickery and his colleagues 
show that, throughout the whole period of 143 hours in 
the dark, protein breakdown has gone on fairly uniformly, 
yet I feel that, since we are forced to consider the me- 
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tabolism of the wboie leaf as one unit, two distinct phases 
might be recognised. During the first 73 hours, the leaves 
remained green, and the protein breakdown, except per- 
haps in the last few hours, ran parallel to that of cor- 
responding samples of leaves cultured in the light. Dur- 
ing the last 70 hours, however, the leaves were yellowing 
rapidly but not uniformly, and even though, as Temm’s 
results show, respiration may have remained active dur- 
ing this period, complete chloroplast disintegration must 
have been taking place in an increasing number of the 
leaf cells, leading, possibly, to more deep-seated metabolic 
changes than had occurred during the earlier period. 

The organic acid changes dissected in this way bring 
out some interesting facts. 

TABLE 85. 

(From data of Vickery, Pucher and eoUeagnes, 336.) 

In g. per 1000 g. of fresh leaves 
Excess 

Malic malic Malic 

Citric acid acid Aspara- acid 


Tobacco leaves cultured acid equivalent avail- gine equiva- 
in the dark on gain (2mols,) able increase lent 

(First 73 hours) 

Water 3.82 5.40 3.25 1.33 1.35 

Glucose solution 3.68 5.14 1.00 1.27 1.29 

Ammonium salt nutrient 

solution 1.27 1.77 2.86 1.85 1.88 

(Last 70 hours) 

Water 2.37 3,31 —1.24 1.55 1.57 

Glucose solution 3.08 4.30 —0.49 1.83 1.88 

Ammonium salt nutrient 

solution 2.64 3.69 —1.78 2.38 1*42 


During the first 73 hours there was, with one possible 
exception, ample malic acid to provide for the conversion 
to citric acid (2 mols. malic acid 1 mol. citric acid) and 
also for asparagine formation; during the latter period, 
however, both citric add and asparagine must necessarily 
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have arisen, in part, from other sources. Before giving 
my own interpretation of these results in terms of the 
general scheme set out on page 194 (reaction 13), it is 
necessary to mention certain ancillary deductions I have 
drawn from the very extensive analytical data connected 
with these tobacco experiments. 

In the first place it seemed to me worth while to explore 
the possibility that some further insight into the relation- 
ship between protein decomposition, amide formation and 
respiration might be gleaned from a study of the carbon 
as well as of the nitrogen changes which took place in the 
leaves cultured on water in the dark. Dr. Vickery very 
kindly placed samples of the necessary dried leaf material 
at my disposal for this purpose, and these were accord- 
ingly submitted to macro-combustion analysis for carbon, 
hydrogen and ash.* The results are shown in table 86. 

86 . 

(tJupublished data from material supplied by Dr. Vickery.) 
Tobacco leaves cultured 


on water in the dark In g. per 1000 g. f resb leaves 

Hours 0 25 49 73 95 143 

Total carbon 33.80 33.10 32.00 31.00 29.80 26.40 

Total hydrogen 4.53 4.35 4.19 4.13 4.08 3.66 

Total ash 19.50 - - 20.20 22.00 20.70 

Total organic solids 72.50 — - 66.20 64.30 56.15 


The changes in the various organic solids for the peri- 
ods 0-73 and 73-143 hours, respectively, are coUeeted in 
table 87. Here certain assumptions have been made in cal- 

* Yiekery, Pucker and their colleagues (336) call attention not only 
to the magnitude of sampling errors when working with leaves of this 
type, but also to the difficulty of determining the ash content of the leaf 
samples. I mention this because the percentage of ash found on combus- 
tion in oxygen differs slightly from that recorded by these workers. In 
each case the ashes contained a small amount of carbonate, due possibly 
to the organic acids originally present in the dried leaves. The error 
thus introduced in the determination of true ash, carbon and total or- 
ganic solids is assumed to be constant in the series and has not been al- 
lowed for. 
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culating tlie weigM of some of the nitrogenous fractions ; 
nitrate and ammonia nitrogen are omitted and the re- 
sidual organic nitrogen is regarded as mostly combined in 
basic substances the weight of which can be estimated as 
nitrogen X 5. The “undetermined” fraction includes the 
“unknown” organic acids mentioned in table 80 and is, of 
course, subject to the experimental errors of all the indi- 
vidual analyses and computations, and the values quoted 
clearly have no numerical significance. 

TABLE 87. 

(Computed from Yiekery, Pucker and colleagues, 336, and additional data.) 


Tobacco leaves cultured 

on water in the dark In g. per 1000 g. of fresh leaves 






A 

A 


(1) 

(2) 

(3) 

(2-1) 

(3-2) 

Hours ...... 

0 

73 

143 



Starch 

. . . 0.43 

- 

- 

-0.43 

- 

Protein (N X 6.25) 

. . . 14.19 

10.94 

6.25 

-3.25 

-4.69 

Insoluble organic material other 





than protein and starch . . 

. . 29.88 

29.36 

26.80 

—0.52 

-2.56 

Total sugar 

. . 2.51 

0.67 

0.50 

-1.84 

-0.17 

Citric acid 

. . 3,26 

7,08 

9.45 

-f-3.82 

4-2.37 

Malic acid 

. . 15.20 

6.55 

4.48 

-8.65 

—2.07 

Oxalic acid 

. . 1.57 

1.76 

1.64 

+0.19 

-0.12 

Asparagine 

. . 0.18 

1.50 

3.05 

+ 1.32 

+1.55 

Glutamine 

. . 0.12 

0.60 

0.39 

+0.48 

-0.21 

Mcotine 

. . 1.04 

0.97 

0.87 

-0.05 

-0.10 

Amino acids (N X 7) 

. . 0.67 

2.26 

2.22 

+1.59 

-0.02 

Residual organic nitrogenous 






compounds (K X 6) . . . . . 

. . 2.75 

2.30 

1.80 

-0.45 

-0.50 

^^Undetermined” 

. . 0.70 

2.21 

-‘1,30 

+1.52 

-3.52 

Total organic solids 

. . . 72.50 

66.20 

56.15 

, -6.30 

-10.05 


The data of Vickery, Pucher and their colleagues set 
out in this way provide us with the most complete picture 
available, not only of the soluble products present in a 
leaf, but of the changes which these undergo during star- 
vation in the dark — a great tribute to the fine analytical 
skill displayed. In drawing up the following balance 
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sheets showing the changes in carbon during the two per- 
iods concerned, I have assumed (i) that the leaf proteins 
contain 50 per cent carbon and that, on digestion to give 
amino acids, 18 per cent of water is added; (ii) that the 
amino acids (average carbon = 42 per cent) resulting 
from protein digestion that are no longer present as such 
have been deaminised and the nitrogen-free amino acids 
thus produced are available for further metabolism ; (iii) 
that the small amount of glutamine produced is of pri- 
mary protein origin, and (iv) that the loss in “insoluble 
material other than protein and starch” during the per- 
iod 73 hours to 143 hours, when the leaves were yellow- 
ing, is due to the breakdown of glycerides and phospha- 
tides (carbon = 65 per cent). This is in keeping with the 
results of my own researches, using detached leaves cul- . 
tured on water in the dark (113, 51). 


Carbon IManee sheet for the' period 0--7S hours. 
Available for metabolism To be aceounted f or 



Carbon 


Carbon 


: 9- ■■■■ ,. 


9^ 

Carbohydrates , . * . . 

... 1JL2 

.Respiration a..... 

. . . 2.80 

Malic acid 

... 3.10 

Asparagine 

. . . 0.50 

Excess amino acids 

de- 

Citric acid 

. . . 1.46 

rived from protein 

. . . 0.95 

^^Undetermined^^ .. 

. . . 0.59 

Residual bases . . . . . . 

... 0.18 


6.35 


5.35 




Let us consider the changes which have occurred during 
this period in terms of the general scheme given on page 
194 (reaction 13). Citric acid has accumulated and malic 
acid has disappeared: if, therefore, the Krebs and John- 
son cycle has been operative, the reaction rate of citric 
acid synthesis from malic acid (steps c and a) has ex- 
ceeded that of citric acid decomposition (step b). The ac- 
tual synthesis of the citric acid itself (reaction 10, p. 191) 
may have taken place in two different ways : 

(i) At the expense of two molecules of malic acid, as 
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Vickery, Pucker and tkeir colleagues have suggested. The 
data given in table 85 skow tkat ample malic acid was 
available for suck a purpose, and if it be assumed that 
this acid has also provided the carbon skeleton for as- 
paragine, there would still have been a surplus of 1.9 g. 
which must have been utilised in other processes. The car- 
bon balance sheet shows that this surplus, as also all the 
carbohydrate, would have been expended in respiration. 

(ii) At the expense of one molecule of malic acid (for 
oxalaeetic acid), the pyruvic acid or some other equiva- 
lent product being provided by carbohydrate, or by pro- 
tein via amino acid, because secondary asparagine forma- 
tion provides evidence that nitrogen-free amino acid 
residues have been made available for use either in step e 
or step d. Only 0.97 g. of malic acid carbon would have 
been required for the citric acid synthesis in this way, and 
if carbohydrate had been used in respiration through the 
operation of the cycle, then asparagine formation must 
have depended on either nitrogen-free amino acid resi- 
dues or the excess malic acid. Even so, the major part of 
the latter must have been used in respiration. 

Carbon balance sheet for the period 73-143 hours. 

Available for metabolism To be accounted for 



Carbon 


Carbon 


5- 


P- 

Grlyeerides and phospba- 


Respiration 

4.60 

tides 

1.80 

Citric acid 

0.87 

Amino acids 

2.53 

Asparagine 

0.56 

Residual bases 

0.20 



Malic acid 

0.70 


6.03 

“Undetermined” 

0.80 




6.03 




Turning to the second period of starvation, we see from 
the carbon balance sheet that amino acid residues must 
have been in large part utilised in respiration, thereby 
providing definite proof for the deductions of Deleano 
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and Yemm that on carbohydrate exhaustion protein can 
be respired. As before, citric acid has accumulated, and 
the data already given in table 85 have shown that insuffi- 
cient malic acid was available to permit an exclusive syn- 
thesis from this source. There was, however, sufficient to 
provide for the oxalacetic acid alone and the pyruvic acid, 
or its equivalent, might have been derived from other 
products. 

TABLE 88. 


(From data of Vickery, Pucker and eolieagues, 336.) 



In g. per 1000 g. of fresh leaves 



Malic 

Excess 


Citric 

acid 

malic 

Tobacco leaves cultured in the 

acid 

equivalent 

acid 

dark (last 70 hours) on 

gain 

(Imol.) 

available 

Water 

2.37 

1.65 

0.42 

Glucose solution . . . . , . ......... 

3.08 

2.30 

1.51 

Ammonium salt nutrient solution 

2.64 

1.84 

0.07 


Fats and phosphatides have been metabolised ; these 
can give succinic acid (Verkade, 329), which would enter 
the cycle at step d or could no doubt give fragments that 
would eventually enter at step e. Amino acid residues 
have also been utilised, and these again might either have 
entered the cycle at step e or, in certain eases, have given 
succinic acid (see pp. 95-97) and entered at step d. The 
asparagine carbon skeleton (oxalacetic acid or fumaric 
acid, steps / and g) might have come fairly directly from 
the latter sources, but if the validity of a cycle of the 
type we are now discussing be admitted, then all the 
products entering it — whether they be derived from pro- 
tein, fat or carbohydrate — mil lose all previous generic 
relationships, so that if, and when, the carbon skeleton 
for asparagine is required, it will be withdrawn from 
the cycle — as oxalacetic acid at step f, or as fumaric 
acid at step g — ^irrespective of any origin. The same ap- 
plies to the synthesis of glutamine at step h. Such a de- 
duction would provide us at once with a complete answer 
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to the old question of whether proteins or carbohydrates 
fnmish the carbon skeleton of asparagine and glutamine, 
for it is clear that both the former products provide no 
more than material for the organic acid cycle and it is 
from the cycle itself that certain of its particular com- 
ponents, which function as immediate precursors of the 
amides, are withdrawn. My previous discussions, on pages 
95 et seq_., would thus demonstrate nothing beyond the 
fact that certain amino acids can be metabolised to an- 
other particular component of the cycle — succinic acid ! 

After this rather searching analysis of the data of ‘Vick- 
ery, Pucher, Wakeman and Leavenworth for the tobacco 
leaves cultured on water in the dark, let me now give a 
more general accoxmt of the metabolic processes which I 
consider might have taken place in these and certain other 
cases. 

It is generally considered that leaves normally obtain 
the energy necessary to maintain the stability of living 
protoplasm (presumably energy-requiring synthetic reac- 
tions are concerned) by the metabolism of sugars or, in 
certain rarer cases, organic acids. The outward expres- 
sion of this metabolism is the emission of carbon dioxide, 
and, following the previous discussion, I shall assume that 
the energy is normally obtained through operation of the 
Krebs- Johnson cycle, which will set free carbon dioxide at 
steps a, b, and Jc. 

The tobacco leaves under review, having been detached 
from the plant fairly early in the morning, contained very 
little starch or sugar and since they were at once trans- 
ferred to the dark no further opportunity for photosyn- 
thesis was provided. During the first few hours in dark- 
ness these two products in large part disappeared, and 
they presumably passed through the cycle to provide 
most of the energy required during this period and were 
responsible for most of the carbon dioxide emitted. The 
operation of the cycle, which, in its simplest form, should | 
leave the respective levels of each component organic acid| 
unchanged, has, however, affected both the malic and cit- 
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ric acids ; the latter has accumulated, while the former has 
diminished in amount such that it might have been used 
to provide both citric acid and energy, with the ultimate 
production of carbon dioxide. The reason why, in these! 
leaves, the cycle did not operate uniformly is a subject for| 
future enquiry. Proteins, for reasons that are considered; 
;in greater detail later, have already undergone decompo- 
sition and the resulting amino acids are being oxidised, 
the ammonia set free condensing with either oxalacetie 
acid or fumaric acid, withdrawn from the cycle, to pro- 
duce asparagine, while the ketonie acids had become avaii- 
iable for use in the cycle. In a very short time, therefore, 
‘certainly within 20 hours, all three of what we can regard 
as the energy-providing reserve products vis, carbohy- 
drates, organic acids and proteins, have been concerned, 
in varying degree, in processes which have provided en- 
ergy and led to the emission of carbon dioxide. Carbohy- 
drates have undoubtedly contributed the larger share, 
and we can regard this as the “carbohydrate phase,” 

During the second period in darkness, between perhaps 
the 20th and 70th hours, carbohydrates are playing a 
minor role, and energy is now being obtained from malic 
acid — which is in part trapped as citric acid, — ^while the 
products of the continued protein decomposition are be- 
ing almost completely oxidised (see table 81) ; the ammo- 
nia condensing, as before, to give asparagine and the ke- 
tonic acids being used in the cycle. We can regard this as 
the “organic acid phase,” 

In the final period, from the 70th hour onwards, the 
supply of organic acids has beconae. diminished, and en- 
e rgy is iioy being obtained, to an increasing extent, from 
protein. The leaves are yellowing, chloroplast disinte- 
gration and general breakdown of cytoplasm are increas- 
ing and small amounts (relatively) of fats and phospha- 
tides become available for metabolism. But the brunt of 
the burden is now being carried by the protein— ;it is, the 
“protei n phase” — ^ai^ a stage is.at last. reached when 
the*^hifiino aS^esI^^s arejagt longer sufficient, for both 
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energy reactions and the removal of ammonia as aspara- 
gine (Prianischnikow’s detosication), and thus probably 
the resulting accumulation of ammonia is the chief con- 
tributory cause of cytolysis and death. The three phases 
distinguished above, which would be characterised by re- 
spiratory quotients of 1, >1 and < 1, would normally 
overlap, and the observed quotient would not be far away 
from unity unless one or other of the two latter phases 
were very sharply defined. 

The leaves cultured on water in continuous light pre- 
sent interesting differences. In the first place the malic 
acid, citric acid and undetermined acid levels show but 
little change throughout the experiment (235 hours), so 
that the cycle, if operative, has functioned normally. Pho- 
tosynthesis was active from the start, and energy has 
undoubtedly been obtained in very large part from carbo- 
hydrate. Proteins, however, for reasons that are not im- 
mediately apparent, have been drawn into the cycle as 
readily as in the leaves kept in the dark, and amino acid 
oxidation, although initiated, perhaps, more slowly than 
in the latter leaves, has undoubtedly occurred, even 
though abundant carbohydrate was present. Possibly re-| 
fleeting the greater rate at which step b was achieved, thd? 
ammonia has condensed this time with a-ketoglutaric aci4l ; 
to give glutamine, for asparagine production was unimi 
portant until after 100 hours. Protein decomposition was 
continuous, , and although the rate was depressed some- 
TVhat after about 70 hours, there was, at the same time, a 
parallel breakdown of chlorophyll (in keeping with many 
other observations mentioned elsewhere in the text), and, 
provided that the leaves could have been kept sterile, I 
tbink that disintegration of the chloroplasts and the re- 
sulting absence of photosynthetic products would have 
been the ultimate cause of cell death, as in the ease of 
leaves kept in the dark. 

In a later bulletin (338), these workers give an account 
of the changes taking place in detached and leaf-denuded 
stalks of tobacco when these were cultured on water in 
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darkness and in eontinuons light. The individual sampling 
■ errors were large, and it is necessary to consider the 
changes over a period of two to three hundred hours. Pro- 
tein decomposition occurred, and there was an increase in 
both amino nitrogen and glutamine nitrogen. The stalks 
were originally rich in fermentable carbohydrates, and 
the considerable loss on starvation took place at the ex- 
pense of glucose (fermentable sugar — sucrose), the su- 
crose remaining unchanged. The citric acid and oxalic 
acid contents were small, and unchanged, but malic acid 
showed a definite increase, and, as Vickery, Pucher, 
Wakeman and Leavenworth point out, this must have 
come from the metabolism of carbohydrate. 

It would appear that, in this ease, we are dealing 
throughout with a “carbohydrate phase” and if the cycle 
has been operative there can have been no retardation at 
step h and, as in the case of the leaves cultured in the 
light, the ammonia resulting from the amino acid oxida- 
tion has been used in glutamine synthesis. The increase 
in malic acid may have come via step c without actual 
entry into the cycle. 

Yemm and Somers have recently concluded an investi- 
gation of the organic acids in detached barley leaves by 
the methods of Pucher and his colleagues (233, 235, 236), 
and I have to thank Dr. Yemm for permission to make use 
of the (unpublished) data given in figure 20. 

Malic acid and citric acid account for only about one 
half of the total titratable (ether-extracted) acid in the 
initial stages, and, since the amount of oxalic acid present 
was too small for positive determination, the remaining, 
unknown, acid, in the absence of a molecular weight, can 
be given no actual magnitude. Yenna’s previous work 
(pp. 212 et seq.) showed that detached barley leaves, 
during the first 12 hours or so, were consuming much car- 
bohydrate and the respiratory quotient was unity. It ap- 
peared to be a typical “carbohydrate phase,” and, in 
conformity with both the cases cited above, it was accom- 
panied by a breakdown (small, relative to the sugar con- 
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svmed) of protein and (in certain cases) oxidation of the 
resulting amino acids. The organic acid analyses show 
that malic and citric acids have undergone sTnallj but 



Fig, 20. Changes of organic acids during starvation and the 
mean rate of carbon dioxide production. Yellowing of leaves 
shown for comparison. Carbon dioxide production^ total 
titratable acid^ malic acid^ Oj citric acid, A (from Yemm 
and Somers^ unpublished), 

equivalent, changes, and, if the cycle has been operative, 
the increase in “unknown” acids has been due to other 
components, or perhaps to small amounts of shorter chain 
fragments derived from carbohydrate breakdown or 
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amino acid residues. There has been no retardation at 
step b, and, as we have seen before, the ammonia resulting 
from the amino acid oxidation has been fixed as gluta- 
mine. 

The next period, from about the 12th hour onwards, 
was characterised by a fairly rapid fall in the respiratory 
quotient to about 0.8. Carbohydrate was no longer the ma- 
jor constituent consumed, and Yemm deduced that pro- 
teins were then being utilised in respiration. In the ab- 
sence of a complete leaf analysis, such as that displayed 
in table 87, it is doubtful if such a deduction is warranted 
on chemical grounds, for large amounts of undetermined, 
yet consumable, products may have been present. The 
more recent analysis of the organic acids would, how- 
ever, appear to confirm this deduction, for the malic acid 
loss was very little more than could be accounted for by 
an equimolar synthesis to citric acid, and the unknown 
acids must have been derived, at least in large part, 
from other sources (such as amino acid fragments). The 
initial “carbohydrate phase” had therefore been suc- 
ceeded by a “protein phase,” and the small accompany- 
ing organic acid metabolism had kept the respiratory 
quotient shghtly above the theoretical value of 0.7. More- 
over, the fact that the ammonia resulting from amino acid 
oxidation, in this second period, had gone over very 
largely to asparagine, suggests that the deaminised 
amino acid residues might have been, to an increasing ex- 
tent, taken into the cycle at step d as succinic acid. In the 
final stages, ammonia was rapidly accumulating, and, to 
provide energy, oxalaeetic acid or fumaric acid was being 
withdrawn again from asparagine. This was the begin- 
ning of an “organic acid phase” which would have taken 
the respiratory quotient above unity (compare fig. 6), 
but the concentration of ammonia soon became toxic, and 
death resulted. 

I can mention briefly one other experiment with de- 
tached leaves in which the organic acids have been satis- 
factorily determined — ^that of Vickery, Pueher and their 
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colleagues with rhubarb— and I have to thank Doctors 
Vickeiy and Pucher for permission to make use of their 
extensive (unpublished) data. The results are compli- 
cated by the fact that the leaves were stood with their 
long fleshy petioles in water or glucose solution through- 
out the experimental period, so that translocation of 
products from the blade to the petiole and vice versa was 
possible. When freshly picked, the general analysis of the 
leaf extract resembled that of tobacco leaves, i.e. the or- 
ganic acid content was fairly large and the identified 
acids — ^malic, oxalic and citric— accounted in very large 
part for the ether-extracted organic acids. The two main 
points of interest are as follows. In the first place, the 
blades, irrespective of whether the petioles were stood in 
water or glucose in the dark, or in water in the light, 
showed, during a period of 165 hours, a progressive de- 
crease on both malic acid and citric acid. Assuming that 
the cycle were operative, therefore, there was no im- 
pediment at step h, and the only amide elaborated at the 
expense of the ammonia derived from amino acid oxida- 
tion was glutamine. In the second place, protein break- 
down, as in all the cases cited above, was initiated in the 
early stages before consumable carbohydrates had be- 
come depleted. 

The interpretation that I have given to these five sets of 
starvation experiments is admittedly speculative, in that 
it is based on the hypothesis of an organic acid cycle in 
respiration for which there is no ad hoc proof at present,; 
and perhaps there never can be. I have been encouraged) 
in this policy by the wonderfully complete data of Vick- 
ery, Pucher, Wakeman and Leavenworth portrayed in 
table 87, which, for the first time, have given the chemist 
grounds for believing that no “unknown” groups of sub- 
stances can be playing any major role in the metabolism 
of these tobacco leaves, and inspire faith in the carbon 
balance sheets which I have made use of in my discus- 
sions. And I would like to add that my reading of a very 
extensive, if scattered, literature during the preparation 
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of this book has impressed me with a firm belief that it is 
the group of substances we refer to as “organic acids” — 
which have, in the past, been neglected in studies of plant 
metabolism because satisfactory methods of characterisa- 
tion were not available — that occupy the central, and 
therefore the key position, in the carbohydrate, protein 
and fat metabolism of plant cells. 

Much, however, remains to be learned, and it may even 
be argued that the slow accumulation of citric acid in the'; 
darkened tobacco leaves, and the failure to make use of' 
this component of the cycle in the later stages of starva-| 
tion, are good evidence against the cycle having been op- : 
erative at all ! The difficulty is admitted, and the tentative i 
suggestion has been made that there may be some impedi- 
ment, perhaps in the enzyme systems concerned with 
step h, which operates more and more with duration of 
starvation. In this connection, it is to be remembered 
that the tobacco leaves were making very extensive use 
of malic acid during approximately the first 70 or 80 
hours in darkness, and it may well be that, in the later 
stages, the cycle was operating at a very slow rate, and 
asparagine was then being formed via succinic and fu- 
mario acids (step d), without effective entry into theif 
cycle. In three of the other cases cited, citric acid did not ; 
accumulate during the first 100 hours, and there was thus ^ 
no tentative evidence against the operation of the cycle. As 
I have already pointed out, it is significant that, in each of § 
these eases, glutamine was readily synthesised, suggest- 1 
ing that step h was being traversed without check. Fur- 
ther evidence is clearly called for, and methods of organic 
acid analysis must be developed so that the “unknown” 
fraction encountered, for instance, by Yemm and Somers, 
can be more definitely characterised. If, as I think, the 
slowest partial step in the tobacco leaf cycle was h, lead-, 
ing to citric acid accumulation, then, in other species, it- 
may well be that a different step will occupy this position,! 
and it should then be possible to observe an accumulation 
of another acid characteristic of the cycle. It is on such 
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circumstantial evidence that our Judgment of this impor- 
tant question must be based, and one can only hope that 
agreement will be forthcoming in a sufficient number of 
cases to constitute, eventually, the strong presumption 
that a true verdict has been given. 

Throughout the above discourse I have, in the appro- 
priate places, emphasised the fact that, within a very few 
hours of leaf detachment, there is clear evidence of pro- 
teins having been metabolised: the significance of this 
observation is discussed in the chapter which follows. 


CHAPTER XI 


THE REGULATION OF PROTEIN 
METABOLISM IN LEAVES 

M OTHES ( 178 ) appears to have been the first to 
consider seriously the factors that control the 
protein level in leaves. In the first place, certain 
experiments brought out clearly a relationship between 
proteolysis and water content. A deficiency of water in 
leaves attached to the plant was found to hasten protein 
decomposition and the translocation of soluble products, 
but the effect varied with the species and, in general, 
young leaves suffered less than old leaves. Further ex- 
periments, however, in which all but certain selected 
leaves had been removed from the plant, convinced him 
that the decisive factor was not the age of the leaf but its 
. position on the stem and the consequent difference in suc- 
tion power. If the leaves had been previously detached 
from the plant, proteolysis, under conditions of water de- 
ficiency, was slowed down in both old and young leaves, 
and he considered that this was due to the action of the 
accumulated soluble products on the enzymes concerned 
rather than to any disturbance of equilibrium. The actual 
rate of proteolysis, however, was faster in the young 
leaves than in the old ones, so that the increased pro- 
teolysis observed in old leaves when these still remained 
attached to the plant could be related only indirectly to 
leaf age. From these investigations, Mothes concluded 
that, in studies of protein level in leaves, the whole plant 
itself, as well as these organs, must be examined, for 
translocation of soluble products from the older parts to 
the new growing tissues was probably one of the impor- 
tant factors concerned. 
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In further amplification of these views, his pupil 
T. Schulze (302) investigated protein s 3 Tithesis in de- 
tached leaves kept under various conditions both with and 
without nutrients. The results led him to the conclusion 
that— given adequate supplies of soluble nitrogen — Cleaves 
attached to the plant normally attain a protein level lim- 
ited by a “stability value” which will depend on the de- 
velopment of the plant, and will be highest when the 
leaves are young. The differences in these “stability 
values, ’ ’ however, could not be correlated with transloca- 
tion effects, nor with the competition between the upper 
and lower leaves for soluble products, and he ascribed 
them to the action of mutators (activators and para- 
lysers) on the proteolytic enzjones concerned. In support 
of these ideas, he prepared glycerol extracts of leaves de- 
tached from the plant at different stages of development 
and showed that, in varying degree, they possessed 
towards casein and edestin proteolytic activity which was 
amenable to treatment with extraneous “activators ” such 
as glutathione, cysteine, hydrogen cyanide, etc. Acetone 
extracts of these leaves, on the contrary, were free from 
enzymes, but they contained what he called “mutators” 
which, under certain conditions, could activate or para- 
lyse the enzymes present in the glycerol extracts. The 
“mutators” were “redox” substances of unknown com- 
position, and their effect, which was ascribed to an inten- 
sification of oxidative processes, was strongest when they 
were prepared from leaves which, before detachment 
from the plant, were exhibiting pronounced protein de- 
composition, e.g. during the flowering period. 

In a later review of this work, Mothes (180) stated 
that oxygen was probably the decisive factor in leaf pro- 
tein metabolism, in that the oxygen potential regulated 
(subject to pH control, etc.) the activity of the proteolytic 
enzymes concerned. Thus a high oxygen potential fa- 
voured protein synthesis, as was shown by the fact that, 
in leaves attached to the plant and kept in an atmosphere 
of pure oxygen, the normal decrease in protein content at 
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night was not observed (he was assuming here a diurnal 
rhythm in the protein content of leaves — see below) while 
a low oxygen potential, as in detached leaves deprived of 
oxygen, led to very rapid protein decomposition and 
death of the cells. Furthermore, the suggestion was in 
keeping with the known correlation between respiratory 
activity and protein synthesis, for both required a high 
oxygen potential or tension. 

These views have been caustically criticised by Paech 
(200). In a well-reasoned statement, supported by the nec- 
essary ad hoc experiments, he showed, in the first place, 
that under conditions of anaerobiosis leaf cells were rap- 
idly killed, and that before death, little or no protein 
breakdown had occurred, so that the intense proteolysis 
noted by Mothes must have been due to post-mortem 
changes. Secondly, he pointed out that, as soon as the liv- 
ing structure of a plant cell was destroyed, the proteases 
were readily attacked by oxygen, and their activities were 
so changed that, in autolytic experiments (as per 
T. Schulze), the intensity of the proteolytic action was 
reduced by the oxygen tension of the surroundings. His 
own experiments showed that this influence of oxygen on 
proteases did not occur in vivo and it was clear, therefore, 
that the suggestions of Mothes were not applicable to the 
explanation of protein regulation in the living leaf cell. 

Paech ’s views on this problem were based, in large 
part, on an extensive review of the literature, which led 
him to the tentative conclusion that the protein level in a 
plant cell must be determined by its content of both total 
nitrogen and monosaccharides, variations in these factors 
leading automatically, by mass action, to synthesis or 
decomposition. 

He dealt first of all with the influence of earbohvdrate 
supply, and cited, inter alia, the early work of Suzuki 
(319, 321) and Zaleski (368) showing that protein synthe- 
sis in leaves could be brought about by feeding with 
sugars. Next, he drew attention to the work of Deleano 
(see pp. 211 et seq.), 'who showed that, when detached 
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vine leaves were kept in the dark for about 100 hours, the 
only noticeable change was a loss of starch; no protein 
was decomposed and the concentration of monosaccha- 
rides present remained very like that in illuminated 
leaves. On prolonging the period in darkness, however, 
protein loss occurred, and this was accompanied by a 
parallel fall in the monosaccharide concentration. He ad- 
mitted, nevertheless, that other workers, e.g. Mothes 
(176), had been able to detect protein decomposition in 
leaves within quite a short time — 10 to 20 hours — after 
detachment from the plant, and to throw further light on 
the part played by carbohydrates in this connection, he 
carried out some experiments of his own. 

Intact, but not too old, leaves were first kept in the dark 
until they were, as yet, in no danger of yellowing, but 
showed a noticeable amount of protein decomposition. 

TABLE 89. 

(From Paech, 200.) 


Protein-iN’ 

Protein-N” 

Leaves of 

in per> 


in per- 

Phaseolus multi- eentages of 

Leaves of HeUmthus eentages of 

florus. Temp. 24° total leaf-N 

annum. Temp. 24° total leaf-N 

Analysed at once 

85.5 

Analysed at once 

93.3 

After 95 hours in dark . . . 

80.8 

After 96 hours in dark . . . 

69.3 

Ditto, then twice infiltered 


Ditto, then infiltered twice 


with 2% glucose and 


with 3.5% glucose and 


kept another 24 hours in 


kept another 24 hours in 


dark 

83.6 

dark 

70.7 

Leaves of Brassiea 


Leaves of Lupinus 


napus. Temp. 24° 


luteus. Temp. 24° 


Analysed at once 

84.8 

Analysed at once 

90.0 

After 85 hours in dark . . . 

69.0 

After 66 hours in dark . . . 

77.7 

Ditto, then infiltered twice 


Ditto, then infiltered 3 


with 4.5% glucose and 


times with 3% glucose 


kept another 9 hours in 


and kept another 35 


dark 

72.6 

hours in dark 

77.2 



Ditto, then kept another 




35 hours in dark with- 




out infiltration 

71.0 
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Then, using the half leaf method, one half was analysed 
immediately and the other half after a further period in 
darkness following infiltration with glncose solution. 

These results showed that an increase in the supply of 
carbohydrate could either arrest protein breakdown, or 
even bring about protein synthesis, and were thus in keep- 
ing with the earlier work of Mothes (176) in 'which de- 
tached leaves had been cultured on glucose solution. Pro- 
tein breakdown, therefore, depended on the carbohydrate 
level, and he cited Borodin (see p. 31), Hansteen (106) 
and Bjorksten (16) as authority for the dictum that only 
monoses could produce this effect. 


TABLE 90. 
(From Mothes, 176.) 


Detached and darkened 
prophylls of Phaseolus 
muUifloms kept with petioles in 

Water, for 4 days 

1% glucose, for 6 days 

2% glucose, for 6 days . . . , . 

2.5% glncose, for 5 days 

4% glucose, for 4 days 

5.7% glucose, for 5 days . . . 


Protein-N in percentages of 
total leaf-N 


Change 

At be- in 

ginning At end protein 

of ex- of ex- content 

periment periment % 

81.7 64.7 -20.8 

82.5 70.5 -14.5 

86.7 79.3 -8.5 

77.2 73.2 -5.2 

80.9 80.5 -0.5 

81.6 83.4 +2J' 


Nitrogen was considered to be available for protein 
synthesis if it were present in the form of ammonia, 
amides, amino acids, protein bases and certain ill-defined 
“rest-compounds,” and, again relying on evidence cnUed 
from the literature, Paeeh declared that protein synthesis 
in leaves, given adequate carbohydrate supplies, was pro- 
‘portional to the “active” nitrogen (potential ammonia) 

1 available. He cited inter alia the work of Hansteen (106), 
who fed asparagine and urea, of Saposchnikow (265), 
who fed ammonium salts, and the infiltration experiment 
of Mothes quoted in table 69, page 198, showing that well- 
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noTirislied leaves of low protein content conld synthesise 
protein from ammoninm malate. 

From considerations snch as these Paeeh felt he was 
Justified in giving a more precise expression to the above- 
mentioned mass-action effect, and suggested that, in the 
intact plant cell, the control towards protein synthesis or 
decomposition would depend on the amounts of chemi- 
cally active forms of carbohydrate (monoses) and of 
chemically active forms of nitrogen (ammonium salts, 
amides and to a lesser extent amino acids and bases), in 
that an increase or decrease of the component present in 
lesser amount would bring about equivalent protein 
changes. The upper limit of what he called this “mass 
action law” was to be found in the maximum storage 
power of the cell for protein, and the lower limit in the 
minimum amount of protein necessary for the mainte- 
nance of protoplasmic structure ; these would not be nar- 
row limits, and the amount of protein required for the 
lower limit might be surprisingly small. Such a hypothe- 
sis required that large amounts of active monoses and ac- 
tive nitrogen should never be present together in the 
same cell or in the same sphere of action, and as soon as a 
suitably high concentration of both components was 
available — regardless of any other conditions, such as 
stage of development, protem concentration, light or 
dark, etc. — ^protein would be synthesised. 

Having shown that a lowering of the sugar level re- 
duced the protein content of the cell, that feeding mon- 
oses caused protein to be formed if suitable soluble ni- 
trogenous products were present, and that in the presence 
of ample monose the mere supply of ammonium salts was 
sufficient to cause protein synthesis, it remained to be 
proved that withdrawal of nitrogen compounds would 
lead to protein decomposition. The experimental difficul- 
ties here were not easily overcome, for one cannot remove 
soluble products from excised leaves, and he finally made 
use of seedlings, which show a unidirectional transloca- 
tion from the reserve organs to the meristematic tissues. 
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The experiments have been reported fully in Chapter III, 
pages 67 et seq., and I need only add here that the results 
were in accordance with Paech’s expectations. 

Paech next considered the withdrawal of nitrogen from 
the older leaves of a plant during the intensive growth of 
the flowering period, when nitrogen requirements would 
normally no longer be covered by root intake from the 
soil. He assumed here, as in his seedling experiments, that 
the growing parts must exert some ‘'attractive force” — 
which he could not explain— on the soluble nitrogenous 
compounds of the older leaves, leading automatically to 
protein decomposition therein, which would preserve the 
constancy of the relative protein value (protein nitrogen : 
total nitrogen) observed by Smimow (311) and Growentak 
(95) in their studies of the seasonal variation in the nitro- 
gen content of leaves. Finally, he crystallised his views on 
protein metabolism in the plant with the statement that 
“in any single organ— within the limits of its ceil capac- 
ity — the protein content is the resultant of the quantity 
of monosaccharides and soluble nitrogenous materials 
(= NHs) present, and that on the part of the whole or- 
ganism these single systems are linked together, being 
balanced against each other by means of the translocation 
stream whose direction and velocity is detennined by the 
forces exerted at the growing centres.” In applying this 
mass action principle he assumed, of course, that the 
other elements required for protein synthesis, e.g. phos- 
phorus, sulphur, potassium and magnesium were also 
present in optimum concentrations ; if not, their deficiency 
would form a limiting factor. 

Paech has collected a vast array of data — ^mainly culled 
from the work of others — ^in support of his views, and in 
so far as his interpretation is confined to these particular 
data one can, with certain reservations concerning chemi- 
cal mechanisms, agree with many of his conclusions. But 
Paech himself has gone further than this, and has pro- 
pounded a “mass action law” which he considers appliea- 
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ble to all plant cells, so that Ms views demand, and must 
receive, a more searcMng enquiry. 

My immediate criticism of Ms paper is levied against 
tbe curious and facile way in wMch tbe protein-sugar 
balance in seedlings and leaves has been assessed : on tbe 
one hand, we are presented with an accurate estimation 
of the amount of protein present, variations of 2-3 per 
cent being regarded as significant and taken as valid evi- 
dence in support of the “law”; on the other hand— in 
strange contrast— no corresponding sugar analyses what- 
soever are quoted, either from Ms own or from the work 
of others, and the sugar levels have been judged by exter- 
nal conditions (light, dark, supply of extraneous sugar, 
etc.). The literature, at the time, provided very little ad 
hoc data for use in this connection, and for this reason 
alone Paech himself should have investigated the varia- 
tions in the sugar content of his experimental material. 


TABLE 91. 


(Unpublidied data of Vickery, Puelier, Wakeman and Leavenworth.) 
Tobacco leaves cultured 

on water in light Per 1000 g. fresh leaves 

Series 1935 


Hours 

Protein-N ..... 

Sucrose 

Glucose (fermentable sugar — sucrose) 
Unfermentable sugar 


0 

24 

74 

120 

1.69 

1.71 

1.32 

1.11 

0.29 

1.07 

2.09 

1.83 

0.76 

2.10 

6.15 

7.19 

0.43 

1.13 

2.97 

3.46 


Temm’s results (fig. 4, p. 213, and fig. 7, p. 217) show 
at once that the “law” is not applicable to barley leaves. 
The total nitrogen was unchanged, yet during the first 
few hours there was a fall in protein content accompamed 
by a rapid increase in the amount of glucose present. 
Equally convincing evidence is provided by some (unpub- 
lished) experiments of Vickery, Pucher, Wakeman and 
Leavenworth, in wMch tobacco leaves were cultured on 
water in continuous light (table 91). 
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In this case the protein breakdown was accompanied 
by a steep rise in the glucose content, to a value of more 
than 5 per cent of the total dry weight. 

Although Paech has correlated the protein and soluble 
nitrogen with monoses, he states specifically that the im- 
mediate nitrogen-free precursors of the amino acids re- 
quired for protein synthesis are probably a series of 
a-ketonie acids, and that it is these acids which must first 
be formed, in some unknown way, from the monoses. It 
seems to me that the weakness of his suggested relation- 
ship lies in the assumption that it is the active mass of 
the monose present in the plant cell which determines the 
active mass, each and severally, of these a-ketonio acids. 
In some instances, as his own experiments show, the as- 
sumption is not at variance with observation, but in 
others, as we have Just seen, the contrary conclusion 
holds. If mass action does, indeed, function as a control 
in protein synthesis and degradation, then I would tenta- 
tively suggest that it is the complete series of oc-ketonic 
acids, and not the monoses, which stand in the postulated 
relationship with the soluble nitrogen and protein. It is 
to the credit of Paech that he realised, far more clearly 
til an those who had previously investigated the question, 
that protein synthesis must depend on the level of some 
source of carbon as well as of nitrogen, and his contention 
that the reaction is controlled by the component present 
in lesser amount is certainly in keeping with many obser- 
vations, as we saw in Chapter III. In spite, therefore, of 
my firm conviction that Paech was mistaken in attribut- 
ing any predominant role in protein regulation to the ac- 
tive mass of monose present, I think his views may still 
be of great use to us if his suggested relationship be 
amended to read as follows: “In the intact plant cell, the 
control towards protein synthesis or decomposition will 
take place through the amounts of a necessary series of 
a-ketonie acids and of active nitrogen (ammonium salts, 
etc.), in that an increase or decrease of the component 
present in minimum amount will bring about equivalent 


REGULATION 


233 


protein changes. ’ ’ Since we do not yet know in what man- 
ner and under what conditions these ketonic acids are syn- 
thesised in the plant, the amended relationship, unlike the 
original, has the additional merit of emphasising the com- 
plexity of the problem and not its simplicity. 

It will be realised that all these suggestions of Paech 
imply that the proteins of leaves are stable substances, 
and that protein decomposition or synthesis will take 
place only when variations occur in those simpler prod- 
ucts with which they stand in equilibrium controlled by 
mass action law. Contrary views, however, are held by 
other workers. 

We saw in Chapter II that, as early as 1878, Schulze 
(see pp. 40 et seq.) had mooted the notion that aspara- 
gine accumulation in the meristematic tissues of seed- 
lings might be due to a continuous breakdown and 
rebuilding of protein, and that in the following year Boro- 
din (see p. 27) had stated that some such process might 
be responsible for the respiration of plant cells, carb^on 
dioxide being produced during protein regeneration at 
the expense of asparagine and monoses. Such ideas, how- 
ever, were soon forgotten or abandoned, and it was only 
in recent years that suggestions reminiscent of them have 
again been tentatively put forward. 

In 1923, from a review of the older literature (32) and 
also from my own experiments with bean leaves (basis of 
comparison: fresh weight and twin leaf) (35), I deduced 
that there was a fall in the protein content of leaves at 
night, which I ascribed (37) to a diurnal variation in the 
respective rates at which a continuous protein synthesis 
and decomposition took place in these organs. This purely 
speculative assumption was based on evidence the valid- 
ity of which has not been admitted by all subsequent 
investigators, for it is difficult to provide a really satisfac- 
tory basis on which such a small diurnal change in pro- 
tein content as that observed (circa 2 per cent) can be 
measured with any degree of certainty. The first experi- 
ments of Mothes (176), who used many different species 
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of leaves (basis : fresh weight) and the experiments of 
Mason and Maskell (155) with the cotton plant (basis: 
residual dry weight), appeared to confirm a diurnal fall 
in protein content at night, but Gonwentak (95) (basis: 
unit of leaf area) and Denny (64) (bases : half leaf, twin 
leaf and residual dry weight) could find no significant 
change. 

Mothes (178), in a more recent investigation, has 
shown that the effect depends on the stage of develop- 
ment of the plant. Using Nicotiana sp. (basis : half leaf) 
he found that young leaves increased their nitrogen con- 
tent (protein nitrogen was not separately determined) 
both by day and by night, mature leaves exhibited a slight 
loss by night and gain by day, while old leaves showed a 
decrease both by night and by day. All the leaves showed 
an increase in fresh weight during the night, and younger 
leaves an increase in area, due to growth, emphasising 
the need of measuring changes in absolute units, as in the 
twin and half leaf methods. In leaves of the shrub Syringa 
vulgaris there was, during the vegetation period, a slight 
decrease in both total and protein nitrogen during the 
night, and correspondingly unimportant increases during 
the day, but, in the autumn, there was an intense drain- 
age of nitrogen from the leaves, and the protein level fell 
both during the day and at night. On the whole his results 
were in agreement with those of Mason and MaskeU, and 
he concluded that it was only during the active vegetative 
period that there was a diurnal rhythm in the protein 
content of leaves, when the effect was ascribable to the 
translocation stream. It would appear from discussions, 
and a later review (180) that Mothes considers that, in 
leaves, protein synthesis and decomposition are con- 
trolled by separate ensyme systems, and that he regards 
both processes as continually at work. 

More concrete expression has recently been given to the 
view that a protein cycle is operative in leaves by Greg- 
ory, Eiehards and their collaborators who have ap- 
proached the problem of protein synthesis from an en- 
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tirely different angle from that of the investigations 
discussed previously. Their researches, which have con- 
tinued without intermission since 1921, always with a 
pure strain of barley, began with a study of the factors 
controlling growth, primarily with a view to analysis of 
the effects of various nutrients. The attempt to charac- 
terise the specific effects of various nutrient elements led 
to a study of respiration, and, to elucidate the results ob- 
tained along this line, they were led to investigate the 
carbohydrate and nitrogen metabolism of their plants. In 
striking contrast to the type of data with which many of 
the previous investigators were satisfied, Gregory’s work 
has attempted to gain a wider basis for generalisation by 
systematically studying the changes in each successive 
leaf throughout the growth cycle. Thus the conditions of 
nutrient supply and the type of plant material studied 
were standardised, and results therefore could be com- 
pared year by year, and in this way a unique body of 
data has accumulated. Again, the statistical methods of 
Fisher have been applied throughout in the analysis of 
the experimental results, so that the reliance to be placed 
on the data is given objective expression. 

It would lead far beyond the scope of this work to con- 
sider in any detail the relations established between the 
processes of respiration, carbohydrate and nitrogen me- 
tabolism in successive leaves of plants supplied with 
varying levels of the nutritive elements ; nor is this nec- 
essary since Gregory has summarised the information ob- 
tained in a recent review (100). Suffice it here to say that 
the metabolism of the normal plant has been compared at 
each corresponding stage with that of plants deficient to 
varying degrees in the essential elements of nitrogen, 
phosphorus and potassium. Only in so far as the abnor- 
mal metabolism of such plants throws light on the related 
processes of respiration, and of carbohydrate and nitro- 
gen metabolism, will they be here of any immediate con- 
cern. 
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Eespiration measurements, and data of carbohydrate and 
nitrogen analyses, obtained at successive definite stages 
during development, are available, showing simultane- 
ously the changes in respiration rate and the drifts of car- 
bohydrate and nitrogen metabolism. The successive leaves 
constitute a series each member of which differs in the 
levels of carbohydrate and various nitrogen fractions 
present; and thus a wide range is obtained without the 
artificial resort to infiltration or feeding. The nutrient de- 
fi.cienoy series are useful, since by their aid the relative 
levels of carbohydrate and nitrogen fractions may be 
greatly changed. 

In a preliminary study, Eichards and Templeman (240) 
examined the successive leaves of the main shoot at full 
emergence and during senescence, from plants deficient in 
nitrogen, phosphorus and potassium. In general the total 
nitrogen and most of the nitrogen fractions reached a 
maximum in the second to fourth leaf, declined to a mini- 
mum in the eighth or ninth and again rose in the last leaf. 
Their results with respect to nitrogen and potassium de- 
ficiency have been more recently confirmed and amplified 
bv Gregory and Sen (102), and to phosphorus deficiency 
by Eichards (239). 

In the fully manured plants, a close parallelism was 
found between the nitrogen metabolism and respiration 
in the successive leaves at emergence, which was, more- 
over, independent of any carbohydrate supply. The same 
general relationship also held in the leaves of nitrogen 
deficient plants ; both respiration and the nitrogen level 
were low, but the relative concentrations of the various 
nitrogen fractions remained unchanged duiing the leaf 
succession, indicating a normal course of protein metabo- 
lism. 

In the potassium-starved leaf (with high sodium, low 
calcium), however, conditions were very different. Here 
the protein was, at the time of emergence of the leaves, at 
least as high as in the normal leaf, the mean protein level 
in all leaves being the same as in fully manured plants. 
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TABLE 92. 

(From Gregory and Sen, 102.) 

3Iean values of respiration rate and analytical data for the 
various manurial series. 


(Respiration rate in mg. per g. dry weight per hour; other data as 
percentage of dry weight.) 


Treatment 


Leaves 

in- 

cluded 

Respi- 

ration 

Free re- 
ducing 
sugar 

Su- 

crose 

Pro- 

tein-N 

Amino- 

N 

Control lsr3_K 

1 

3-10 

6.00 

2.02 

14.13 

3.27 

0.273 

K-deficient | 

N.K3 

3-10 

7.86 

1.58 

11.11 

3.32 

0,379 

N.K3 

3-10 

7.46 

1.37 

4.10 

3.32 

0.464 

f 

N3K, 

3-9 

4.49 

1,21 

22.14 

1.70 

0.148 

N-deficient < 


and 

3-7 

4.13 

1.38 

19.02 

1.25 

0.098 


N; 

LJ Kg, Kg 

levels of nitrogen (1, 

%,y8i) 




Kj, Kg, Kg = levels of potassium (1, H, %i) 


TABLE 93. 

(From Gregory and Sen, 102.) 


Protein-N content 
{percentage of dry weight) 


Leaf 

Control 

Increasing K 
deficiency 

Increasing N 
deficiency 

N-andK- 

deficient 

No. 

■ n,k. 

K.Kg 

N,Kg 

NgK, 

K5K1 

K,Kg 

3 

3.23 

3.50 

3.58 

3.13 

1.81 

1.58 

4 

3.87 

3.78 

3.79 

2.39 

1.34 

1.35 

5 

3.94 

3.81 

3.66 

1.84 

1.39 

1,42 

6 

4.06 

3.42 

3.52 

1.29 

0.93 

0.83 

7 

3.70 

3.42 

3.35 

1.02 

0.90 

0.92 

8 

2.58 

3.08 

3.18 

1.06 

1.06 

1.19 

9 

2.29 

2.73 

2.76 

1.18 

, ... , 

„ , — , . 

10 

2.52 

2.84 

2.75 

1.69 

- 

— 

Mean 

3.27 

3.32 

3.32 

1.70 

1.24 

1.21 


Kj^, Kg, 

K,= 

levels of nitrogen (1, ^4, %i) 
levels of potassium (1, %, %i) 
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At the same time there was a marked increase in the 
amount of amino and amide nitrogen (240), both of which 
appeared in normal proportions, accompanied always by 
a low sugar content and an increased respiration. In the 
later leaves, moreover, nitrate accumulated. 

TABLE 94. 

(From Gregory and Sen, 102.) 

Total amino-N content 
{percentage of dry weight) 


Increasing Iv Increasing IST IST- and K- 


Leaf 

Control 

deficiency 

deficiency 

deficient 

No. 


N,Kg 

N,Kg 

NgK, 

NgK, 


3 

0.341 

0.338 

0.466 

0.249 

0.126 

^ 0.110 

4 

0.383 

0.417 

0.464 

0.238 

0.113 

0.108 

5 

0.371 

0.418 

0.437 

0.169 

0.112 

0.095 

6 

0.288 

0.409 

0.482 

0.108 

0.073 

0.069 

7 

0.278 

0.326 

0.464 

0.099 

0.096 

0.079 

8 

0.218 

0.444 

0.415 

0.080 

- 

0.086 

9 

0.165 

0.380 

0.559 

0.096 

— 

— 

10 

0.138 

0.302 

0.427 

- 


— 

Mean 

0.273 

0.379 

0.464 

0.148 

0.104 

0.091 


Fj, Ng, Hg = levels of nitrogen (1, Vk) 
Kg, Kg ^ levels of potassium (1, ^6, 


The development of these plants with low potassium 
supply {% normal) suggested that protein synthesis went 
on very rapidly: a supernormal tiller production was 
found, leaf production rate was normal and the leaves 
were of normal size, indicating that meristematic activity 
in such plants was very high. Richards and Templeman 
(240) therefore suggested that potassium was not pri- 
marily associated with protein synthesis, but that it was 
necessary for maintaining the protoplasmic complex and 
in its absence rapid proteolysis occurred. In potassium- 
sta:^ed plants protein was, in fact, very unstable; very 
rapid death of the individual leaves occurred and there 
was a rapid fall in protein level during senescence. 

Grego:^ and Sen (102) realised the necessity of bring- 
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ing all these experimental results into some relationship 
with current views on the respiratory process, and in an 
endeavour, however tentative, to discuss the interrelation 
of carbohydrate and nitrogen metabolism in determining 
the levels of respiration found in the successive leaves 
within a series, as well as the differences in respiration 
level between the various series, they put forward the fol- 
lowing schema as a basis of discussion. 


Amuie ^ 


Amino Amino 

ocid acid 




inic acUs'*-" 




Undetermined 


T 

Carbon 

residues 



; 

^ i (Sucrose 


comjsounds^ 

Carbon i 
compounds ' 


- 


They admitted that, in attempting to correlate the res- 
piration of carbohydrate and protein synthesis in this 
way, they had leaned rather heavily on views expressed 
by specialists in these fields. Moreover, it must be remem- 
bered that their idea of linking the metabolic cycles of 
carbohydrate and nitrogen through organic acids in this 
interesting way was formulated before any suggestions 
had been put forward that an organic acid cycle itself 
might function in respiration. 

In support of this schema, they discussed first of all two 
alternative views on the relation between protein synthe- 
sis and degradation. If protein si^fhesis were the reverse 
of proteblySs,~ffien the direction of the reaction would be 
determined by mass action and the velocities of the reac- 
tions concerned. The accumulation of amino nitrogen in 
the potassium-starved leaves, therefore, should have 
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tended to the reverse action and the levels of amino nitro- 
gen and protein should have varied in proportion. This 
might have been countered by rapid translocation away of 
amino nitrogen, but this, on the other hand, would have 
led to a relatively low ratio of concentration of amino 
nitrogen to protein. In fact the reverse appeared, and an 
accumulation of amino nitrogen was seen. This suggested 
that the route of protein synthesis might be different from 
that of protein degradation, and that the rates of these 
processes might vary independently, and in fact that a 
cycle was operating. Variation in velocity of the reactions 
concerned would lead to accumulation: thus if the sjm- 
thetic route to protein were rapid, protein would tend to 
accumulate, and by mass action increase the breakdown 
to amino acid. If, furthermore, as in the schema, these 
amino acids, before being again used in protein synthe- 
sis, were deaminated, and if this particular reaction were 
the slowest in the cycle, then amino nitrogen would ac- 
cumulate. 

Gregory and Sen (102) suggested that the very high 
respiration rate of the potassium-starved leaves was un- 
doubtedly associated with the accumulation of amino ni- 
trogen, for such a view was in keeping with the earlier 
work of Spoehr and McGee (314) and Schwabe (305). In 
comparing manurial series at high, medium and low po- 
tassium (Ki Ks Ks), it was found that, for comparable 
successive leaves after the third, the respiration rate of 
the medium series was greater than either extreme, as 
Eichards (238) had first shovm, and they had confirmed. 
They pointed out that the theory of preferential oxida- 
tion of carbohydrate was closely concerned in this con- 
nection. Gregory and Baptiste (101) had found a low 
level of both reducing and total sugars in these leaves and 
considered that it was associated with the low assimila- 
tion rate, high respiration, active protein synthesis and 
excessive meristematie activity. Feeding with potassium 
alone, however, had no effect on the respiration of such 
leaves (detached from the plant) (Said, 263), but, if given 
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with sugar, an immediate increase in respiration resulted 
showing that oxidative deamination could not be alone 
concerned. If, Gregory and Sen remarked, carbohydrate 
was preferentially respired, while sugar supply in potas- 
sium deficiency was low through failure of photosynthe- 
sis, how, on this assumption, was protein synthesis main- 
tained at a level at least as high as in the fully manured 
leaf, in spite of low carbohydrate concentration? 

Clearly, other factors were involved besides the level of 
carbohydrate, and they suggested that, in the potassium- 
deficient leaf, conditions were somewhat as follows. 
Rapid synthesis of protein occurred, and at the same time 
rapid protein degradation, the two sets of processes being 
distinct. The amino acids resulting from the protein deg- 
radation underwent deamination to give ammonia, which 
then condensed with products— possibly organic acids- — 
derived from carbohydrate to give amides. The carbon 
residues of deamination might perhaps have been com- 
pletely respired away. From amide, by a different route 
through amino acid, or directly from amide, protein was 
resynthesised. In the potassium-deficient leaf, protein 
level was normal and amino nitrogen much increased ; the 
protein cycle must therefore have been traversed more 
rapidly than normally. The output of carbon dioxide was 
thus related to the more rapid rate at which the cycle was 
traversed. This same hypothesis would equally well ac- 
count for the situation in the nitrogen-starved leaf. Here 
the cycle was very slow, and the output of carbon dioxide 
low in spite of high concentration of sugar. In the fully 
manured plants, during the progress through the succes- 
sive leaves, protein metabolism declined, and, in step with 
this, the respiration fell in spite of accumulation of sugar 
in the later leaves. Tentatively, therefore, Gregory and 
Sen put forward the suggestion that carbohydrate oxida- 
tion in the green leaf was regulated by the rate of protein 
synthesis. The production of carbon dioxide might or 
might not be a resultant, in the living leaf, of the process 
of deamination, but even if carbohydrate respiration was 
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tlie main source of carbon dioxide output, tbe intermedi- 
ate products being utilised tbrough. organic acid forma- 
tion in protein synthesis, yet there was a general “regu- 
lation” at work which controlled the whole process, 
though the nature of this was still obscure. 

In amplification of this work, Eichards (239) has re- 
cently shown that, under conditions of phosphorus de- 
ficiency, a remarkably close and simple relationship held 
throughout the whole series of successive leaves of plants, 
maintained at various phosphorus and potassimn levels, 
between respiration rate and protein content after slight 



Fiff, 21. From Siohca'ds, 239. 
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adjustments had been made for the level of other factors. 
The individual values for the successive leaves in all the 
series are shown in Fig. 21 : the calculated regression line 
is given, together with the limits of significant departures 
from the expected values. 

To explain this reciprocal relationship, it was sug- 
gested that a given rate of carbon dioxide evolution could 
maintain only a definite quantity of protein. Regarded 
from the standpoint of efficiency, this would be highest in 
the fully manured leaves, for here the loss of carbon as 
carbon dioxide per unit of protein present was least. Un- 
der conditions of phosphorus starvation, the importance 
of the reducing sugar concentration had been clearly es- 
tablished ; here apparently the level of phosphorus in the 
leaf was controlling the mechanism of carbohydrate res- 
piration in supplying the nitrogen-free precursors of the 
amino acids for further protein synthesis. 

It is of very great interest to observe that the general 
conclusions which Gregory, Richards and their collabo- 
rators draw from their comprehensive studies with leaves 
attached to the plant show certain remarkable similarities 
with those I have deduced from an analysis of the chemi- 
cal data for detached leaves presented in Chapter X; in 
each case the role of the proteins in respiration is empha- 
sised, although not to the same degree. 

Gregory and Sen postulate that a protein cycle is con- 
tinuously at work in leaves and that the paths of protein 
breakdown and of protein synthesis must be separate, the 
nitrogen-free amino acid residues being respired, and 
amino acid synthesis taking place from new carbon chains 
derived from sugar. Examined in light of reactions 6 and 
13, we see at once that such a thesis can be considered in 
keeping with the chemical mechanisms portrayed therein. 
If the purpose of such a cycle be to regulate the pro- 
duction of carbon dioxide from both carbohydrate and 
protein, then the amino acids resultiug from protein deg- 
radation must undergo oxidative deamination according 
to reaction 13, and the nitrogen-free residues must either 
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enter the cycle at stages d or e, being subsequently me- 
tabolised to carbon dioxide, or must provide for the syn- 
thesis of amides, with or without effective entry into the 
cycle, at stages f, g and h. In either case, these nitrogen- 
free products will lose all previous generic relationships, 
so that a resynthesis of protein according to reaction 6 
must take place either at the expense of the amides, or 
from a new series of a-ketonic acids metabolised from 
sugar. We can even go one step further with G-regory and 
Sen and suggest that the extent to which the protein it- 
self enters directly into respiration will be a function of 
amide synthesis : the greater the ease with which this oc- 
curs the more will carbon dioxide be produced from sugar. 

All such ideas, however, proceed on the assumption that 
a protein cycle is operative in leaves, and the evidence for 
this is, at present, purely circumstantial. Gregory and 
Sen make effective use of their data for potassium-defi- 
cient leaves, and although the chemist could suggest al- 
ternative explanations for the accumulation of amino 
nitrogen, these would not necessarily satisfy the numer- 
ous other observations they bring forward in support of 
their thesis. Then, again, we have the many instances 
cited in Chapter X which show that, in detached leaves, 
it is often possible to observe protein breakdown, with 
accompanying oxidative deamination of the resulting 
amino acids, within a few hours of detaching leaves from 
the plant. Can we regard this as evidence in favour of a 
protein cycle, the mechanism of protein synthesis having 
become impaired, so that protein degradation predomi- 
nates? It is possible, but in my opinion conditions here 
are too complex for a definite answmr at the present time. 
We know, for instance, from the work of Deleano, of 
Mothes and of Yemm, that the rate at which protein 
breakdown occurs in detached leaves kept in the dark 
varies from species to species, from leaf to leaf with age 
for the same species, and also with the carbohydrate level. 
Such observations could, indeed, be used as evidence that 
the rate at which the protein cycle is operative in plants 
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varies from species to species or from leaf to leaf, for we 
know, from the data of Vickery and his colleagues given 
in table 91, that the carbohydrate level cannot be the deci- 
sive factor in controlling protein breakdown. 

Gregory and Sen (102) have, in fact, calculated the 
maximum rate at 25° at which protein breakdown might 
take place in barley leaves attached to the plant. On the 
hypothesis that all the carbon lost as carbon dioxide 
might have had its origin in protein, they calculated the 
amount of protein breakdown necessary to account for 
the carbon dioxide output. Using the data in table 92, and 
selecting the series with highest mean respiration rate 
(NiKs), the mean protein nitrogen content was 3.32 per 
cent of the dry weight, equivalent to approximately 20 
per cent protein, or 100 mg. carbon capable of producing 
370 mg. carbon dioxide per g. dry weight. As the mean 
respiration rate was 7.86 mg. per g. dry weight per hour, 
this corresponds to a loss of 2.1 per cent of the protein 
content per hour. Even without taking into account pro- 
tein synthesis, which might have been occurring concur- 
rently, Gregory and Sen considered that this value was 
not incommensurate with those actually found during 
proteolysis in the darkened leaf. This is true, for the data 
of Vickery and his colleagues for tobacco leaves cultured 
on water both in light and in darkness showed a 25 per 
cent protein loss in 73 hours, or about 0.3 per cent per 
hour. If it be assumed that a protein cycle were operating 
in these leaves at the same speed as in barley, and that 
the normal rate of protein degradation had been main- 
tained after detachment from the plant, then this loss 
would suggest that the rate of protein synthesis had by 
some means been decreased by one-seventh. 

All of the points mentioned in the above discussion 
could be enlarged upon, but at the present time I think 
without profit, for the overriding fact remains that we do 
not yet understand the reason why, when certain leaves 
are detached from the plant, protein decomposition can 
be detected within a few hours. If this is indeed due to in- 
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terference with the mechanism of protein synthesis then 
one is tempted to suggest that some influence of the root 
system, possibly hormonic, is responsible for the regula- 
tion of the protein level in leaves. On this important ques- 
tion, however, I would prefer to reserve judgement until 
I have had the opportunity to investigate detached leaves 
which have been induced to form adventitious root sys- 
tems. 


APPENDIX I 


The Impurities Present in Leaf-Protein Preparations and Their 
Bearing upon the Estimation of Some Amino Acids, Particu- 
larly in Relation to the Formation of Humin during Acid 
Hydrolysis. 

ByJ. W. H.Lugo 

AS every student is well aware, the best that we can hope to 
achieve in chemical analysis is a mean of many estima- 
i m tions and a measure of its probable exactness. But our 
reliance on any analytical result obtained, whether it be an indi- 
vidual value or the mean of many, is necessarily limited at the 
outset to the degree of certainty that all systematic errors have 
been eliminated either by mutual cancellation or by individual 
correction to zero, and it becomes a matter of the most funda- 
mental importance to examine the possible sources of these sys- 
tematic errors. 

Perhaps no field of analytical work is more subject to these 
errors than the biochemical. The materials submitted to analysis 
so frequently contain substances the composition and reactions of 
which are utterly unknown and which may well interfere with 
the estimation; the particular substance to be estimated is fre- 
quently of so labile a character that it cannot readily be sepa- 
rated from some of the possible interfering substances before the 
end reaction employed in the estimation (e.g. colour, precipita- 
tion, titration) is applied, and, finally, the limitations of the end 
reaction itself may be so ill-defined in consequence of the em- 
piricism with which it is frequently loaded, that even when the 
substance to be estimated is initially in the free state the errors 
may be enormous. And if the substance is not initially free but 
must first be liberated from existing combinations, there is fur- 
ther scope for error. All this should be common knowledge, and 
indeed it may be, but a clear recognition of its implications is far 
from general, to which fact the biochemical literature bears elo- 
quent testimony. 

In estimating the amount of an amino acid residue in a protein 
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preparation, the usual procedure is to hydrolyse the preparation 
by heating it in strongly acid or alkaline solution and to apply 
to the resulting hydrolysate a method believed to be satisfactory 
for the estimation of the particular amino acid in the presence of 
the other products of hydrolysis. The conceivable sources of error 
are many and attention has been drawn to them from time to 
time. It has been shown (Lugg, 144, 145) how the errors may be 
grouped for simplicity and as an aid to investigation into four 
categories: (a) those due to incomplete libei^ation from existing 
combinations, (b) those due to modification or destruction during 
liberation, (c) those due to modification or destruction subse- 
quent to liberation, and (d) those properly associated with the 
imperfections of the end reaction employed. Each category may 
be investigated at least partially, but investigation of (a) and 
(b) is rendered particularly difficult by the existing dearth of 
complex synthetic peptides and complete absence of synthetic 
proteins of known composition; handicaps which are not in the 
least escapable by recourse to methods of estimation in which the 
plain hydrolysis step can be omitted. For the fact remains that 
an amino acid residue in a protein is not the same thing as a 
molecule of the free amino acid. 

These points will be illustrated by describing the difficulties 
which have attended the estimations of some amino acids in the 
impure leaf proteins (Lugg, 146a and b). 

Estimations of Cystine and Methionine, 

Pollard and Ohibnall (220) hydrolysed a selection of leaf- 
protein preparations with hydrochloric acid, freed the hydroly- 
sates from insoluble aeid-humin (fairly large amounts of which 
were produced) and estimated the cystine in the hydrolysates by 
Prunty^s method (282), which is based upon the highly specific 
Sullivan (318) reaction. The results varied greatly with the dif- 
ferent preparations. They believed the main organic impurity in 
the preparations to be a polysaccharide in an amount generally 
representing some 15 to 25 per cent of the weight of a prepara- 
tion, and, knowing that quite small amounts of cystine (in con- 
tradistinction to cysteine) are lost when heated in acid solution 
with such quantities of sugars and cellulose (Lngg, 144), they 
considered their values to be fairly reliable on the supposition 
that the reduced form (cysteine) did not occur in the proteins. 

It was found later that large fractions of the total sulphur ap- 
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peared in tlie insoluble humin. The probable origin of this 
hnniin-sulphur was revealed in some experiments made by Bailey 
(7). He had found that all but several per cent of the sulphur in 
crystallised edestin could be accounted for as cystine and methio- 
nine by hydrolysing the protein with hydrochloric acid and ap- 
plying to the hydrolysate reasonably specific methods for the 
estimation of cystine (Lugg, 142, 143) and methionine (Baern- 
stein, 5). Minute amounts of sulphur were lost during hydroly- 
sis. On adding 10 per cent by weight of arabinose to the protein 
before hydrolysis, Bailey encountered a loss of 11 per cent of the 
sulphur in the humin precipitated in the region of its minimum 
solubility (about pH 2.5), and overall losses of 30 per cent of the 
cystine and 20 per cent of the methionine. Thus, whilst nearly 90 
per cent of the sulphur remained in the solution, much of it no 
longer belonged to unmodified cystine and methionine. Of the 
sulphur present in an impure leaf-protein preparation, as much 
as 30 per cent may be found in the insoluble humin after acid 
hydrolysis, and the overall losses of cystine and methionine are 
therefore likely to be very much greater than 30 per cent. At all 
events, the values obtained must be open to the gravest suspicion. 

There are other methods of obtaining information as to the 
distribution of sulphur in a protein, however, and when these are 
employed with '^pure’^ proteins such as crystallised edestin, they 
give results in fair agreement with those obtained by the methods 
already discussed. Baemstein (6) in 1936 published a procedure 
based upon the following reactions: The solid protein is hy- 
drolysed in concentrated hydriodie acid solution at the boiling 
point, sulphate sulphur being reduced to hydrogen sulphide and 
sulphur dioxide, the cystine being reduced to cysteine, and the 
methionine yielding methyl iodide and the thio-lactone of homo- 
cysteine (by loss of water from homocysteine). The sulphur diox- 
ide and hydrogen sulphide may be collected, oxidised and esti- 
mated as sulphate, while estimation of the methyl iodide evolved 
gives a measure of the methionine. The cysteine may be titrated 
in acid solution with iodate in presence of excess hydriodie acid, 
and the thio-lactone ring may be opened in mildly alkaline solu- 
tion and allowed to reduce tetra-thionate to thio-sulphate, which, 
after re-acidifying the solution may in turn be titrated with 
iodate.^ Blumenthal and Clarke (19), in their studies of the sul- 

* The various reactions have been studied recently by Kassell and 
Brand (115). 
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plitir distribution of various protein preparations, made use of 
the fact that cysteine may be made to yield its sulphur almost 
quantitatively as lead sulphide when heated with an alkali-plum- 
bite reagent, and that boiling concentrated nitric acid rapidly 
oxidises cystine sulphur to sulphate and only very slowly oxi- 
dises methionine sulphur beyond sulphoxide, sulphone or, per- 
haps, methanesulphonic acid. 

Now, Baemstein concluded, after subjecting his newer meth- 
ods to tests on free cystine and methionine with the addition of 
some other amino acids and a little glucose, that they could be 
expected to yield very reliable values for the cystine and methio- 
nine contents of proteins. He was of the opinion that the sulphur 
of reasonably pure proteins is contained in cystine (and possibly 
cysteine), methionine and sulphate, and in no other forms. Gener- 
ally, the methionine estimated by his volatile-iodide procedure 
cheeked very well with the value obtained by titration ; and there 
can be little doubt that the titration method of estimation is the 
most specific for methionine that has yet been evolved. The titra- 
tion method for cystine estimation cannot Isj claim to great 
specificity, but here again the values obtained with pure proteins 
checked very well with published values obtained by applying 
more specific methods to hydrochloric acid hydrolysates. 

On the other hand, Blumenthal and Clarke, having established 
by tests with mixtures of cystine and methionine the most satis- 
factory conditions for discriminating between them by nitric acid 
oxidation, oxidised proteins under those same conditions, and 
compared their results with published cystine contents as deter- 
mined by the more specific methods and with the methionine 
contents as determined by Baemstein *s ‘Sulatile-iodide’' proce- 
dure. Together with data obtained by the "‘labile-sulphur^^ pro- 
cedure (reaction with aikali-plumbite), and from the oxidation 
of proteins with bromine-water (free cystine yielding only very 
small amounts of sulphate), these comparisons^ were believed by 
them to indicate the existence in several proteins of small 
amounts of one, if not two, other new sulphur-containing amino 
acids. It is impossible at present categorically to deny these 
claims, but it will he seen that they are based upon a recurrent 
assumption that the cystine and methionine residues in a protein 
behave towards the reagents precisely as do the free amino acids, 
and hence the data cannot provide anything like rigorous proof 
either way. Indications of difference in behaviour are not lacking. 
Lee (133) has pointed out that the cystine contents of hydro- 
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cMoric acid hydrolysates of casein are considerably lower than 
the disulphide contents. Bailey (7, 8) has encountered other in- 
stances and has given his opinion that, in some proteins, the cys- 
tine may be easily deaminated and deearboxylated during the 
hydrolytic cleavage of peptide linkages. The appearance of snlph- 
hydryl groups in some (bnt not aU) proteins which have been 
treated with acid, and the bearing of this upon cystine estima- 
tions, have been discussed by him in some detail. 

Before applying the newer Baemstein and the Blnmenthal and 
Glarke proeednres to the problem of the snlphnr distributions in 
the impure leaf proteins, it was necessary to subject them to ad- 
ditional tests. In particular, the effects of adding carbohydrate to 
at least one ''pure’^ protein had to be examined. It was found 
desirable to depart from the recommended procedures in some 
respects. Briefly, the findings were as follows : 

Baemstein ’s (6) procedure is to boil for eight hours in a nitro- 
gen atmosphere about 0.5 g. of the protein with 10 ml. of concen- 
trated hydriodic acid which has first been warmed long enough 
with 0.1 g. of crystalline potassium hydrogen hypophosphite to 
reduce any free iodine. It is an improvement to heat the acid 
with the minimum amount of hypophosphite necessary to give a 
straw-yellow coloration, to commence digestion of the proteins 
with an additional 0.02 g. of hypophosphite, and to continue the 
addition in 0.02 g. portions at intervals of not less than two min- 
utes so long as iodine is liberated in more than barely detectable 
quantities. The digests of impure preparations tend to be dark 
from causes other than the presence of iodine, and care must be 
exercised to avoid overaddition of hypophosphite. Baemstein ’s 
titration of the reduced cystine finishes as a back titration of ex- 
cess iodine with thiosulphate, but better end-points were obtained 
by changing it to a back titration of excess thiosulphate with the 
iodate. Results obtained by these variations in procedure were 
less erratic, the losses of cystine and methionine which occurred 
when arabinose was added to edestin were slightly diminished, 
and considerably increased values are obtained with the impure 
leaf proteins.^ Small amounts of a tarry ‘‘humin” were produced 
when these impure preparations were digested or when carbohy- 
drate was added to edestin before digestion. The losses occasioned 
by adding 20 per cent by weight of arabinose to edestin were only 

* The cystine and methionine contents of preparations quoted in 
tables 47, 40, 53, 56 and 57 were estimated in this way. 
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some 7 per cent in both, the cystine and methionine, and were 
even smaller if Collier” pectin was substituted for arabinose. 
As iodides affect the Sullivan reaction for cysteine or cystine, the 
standards for colorimetric comparison in the methods of esti- 
mation based upon it must contain appropriate amounts of io- 
dides. Lugg’s (143) procedure was used, and in examining the 
hydriodie acid digests of proteins, aliquots of a gelatin digest 
were included in the cystine standards. Tests with free cystine 
and methionine showed that w^hereas only about 2 per cent of the 
cystine and 5 per cent of the metliioniiie were lost to titration, 
some 6 per cent of the cystine was lost to the colorimetric esti- 
mation. 

The ^Tabile sulphur” procedure of Biuinenthal and Clarke 
(19) cannot satisfactorily be applied to the impure leaf proteins, 
because the preliminary reduction cannot be carried out without 
involving the cystine in condensation reactions. The nitric acid 
oxidation procedure, however, is readily applicable, but the re- 
sults obtained were a little erratic. They were much more uni- 
form when edestin was used in the tests, and there was no de- 
tectable interference from 20 per cent by weight of arabinose 
added to the edestin. The arabinose was found also to be without 
effect upon the estimations of sulphate-sulphur and total-sulphur. 
Prom the estimations of sulphate sulphur (a) after prolonged 
hydrolysis, (b) after oxidising with nitric acid under suitable 
conditions, and (e) after completely oxidising the material (per- 
oxide fusion), the cystine and methionine contents may be calcu- 
lated on assumptions which involve the supposition that cystine 
(and/or cysteine) and methionine are the only sulphur-eontain- 
ing amino-acids entering into the composition of the protein (see 
Lugg, 146a). The sum of the cystine and methionine sulphurs is 
obtained from the difference between (a) and (c)^ and is an 
estimation of greater precision than the individual cystine and 
methionine estimations calculated therefrom with the aid of (b). 

Of the various means whereby information concerning the sul- 
phur distribution may be obtained, these last, the least speeifie, 
alone show no evidence of interference by carbohydrate. All give 
fairly concordant estimates of the cjmtine and methionine con- 
tents of crystallised edestin and of many other proteins, and dis- 
tinctly discordant results with the impure leaf proteins. These 

* Values quoted under cystine-N plus metbiouine-N in tables 54 and 
55 were obtained in this way. 
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last two procedures permit no discrimination between cysteine 
and cystine residues in the proteins, and there is no evidence as to 
whether such a partition does or does not exist in the leaf-protein 
preparations. In general, the cystine contents of the leaf-protein 
preparations estimated with the help of methods involving a pre- 
liminary acid hydrolysis are from 10 per cent to 60 per cent of 
the values found by titration after digestion with hydriodie acid, 
and these in turn represent from 70 per cent to 95 per cent of the 
sulphur oxidised to sulphate by nitric acid. The methionine con- 
tents estimated by titration after digestion with hydriodie acid 
are generally anything between 70 per cent and 100 per cent of 
what might be calculated from the sulphur not so oxidised. Cer- 
tain correlations emerge, too. From the nitrogen and ash per- 
centages of the impure preparations and a rough estimate of the 
nitrogen percentages which would be found if the preparations 
were pure, the amounts of organic impurity in the various 
preparations may be calculated approximately. For preparations 
made from the leaves of a particiilar botanical species, the dis- 
parities are normally more pronounced the greater the amount 
of organic impurity, and for like amounts of organic impurity, 
the disparities found with preparations from one species of leaf 
may be much greater than with preparations from another 
species. 

The only satisfactory interpretation is that the organic impuri- 
ties ordinarily present in the impure leaf-protfein preparations 
are responsible for the disparities, in much the same way as 
arabinose would be responsible for similar disparities if added to 
edestin. That the real cystine contents are at least as great as the 
values obtained by titration of hydriodie acid digests is strongly 
suggested by the fact that, when specific colorimetric methods are 
applied to the same digests, reasonable confirmations of the titra- 
tion values are obtained. 

Estimations of Tyrosine and Tryptophan, 

These amino acids have long been known to suffer modification 
when heated in acid solution with carbohydrates, as judged by 
the fact that varying amounts of the nitrogen they contain can 
be found in the insoluble humin (Gortner and Blish, 90 ; Roxas, 
254). The hydrochloric acid hydrolysates of a few impure leaf- 
protein preparations have been found to contain virtually no 
tryptophan and only some 70 per cent of the tyrosine that is 
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known to be present in the preparations. It has been shown^ how- 
ever, that carbohydrates do not interfere with the hydrolytic 
cleavage of either amino acid from edestin when alkali is used. 
That is to say, the presence of carbohydrate does not alter the 
amounts of tyrosine and tryptophan found in an alkali hydroly- 
sate (Lugg, 145). And as far as one may judge from the indirect 
evidence, the hydrolytic cleavage follows a normal course and 
can easily be made complete. Traces of other phenols and indoles 
in the leaf -protein preparations are sometimes found and may 
prove troublesome — some extraneous indoles cannot be removed 
readily. 

Eumin Formation during Acid Hydrolysis. 

The simple proteins, purified by re-crystallisation and other 
means, will normally yield a solution, fairly pale in colour and 
almost devoid of anything in the nature of a precipitate, when 
boiled with 5N hydrochloric or 8N sulphuric acid. Most protein 
preparations, however, yield a more or less dark-brown solution, 
and a finely divided dark precipitate. In the rather unhappy 
terminology adopted to describe these effects, the insoluble mate- 
rial is called ^‘acid-insoluble humin,’’ and the dark colour of the 
solution is attributed to an “acid-soluble humin’’ which may be 
rendered largely insoluble by partially neutralising the solution. 
The same terminology is used in describing the materials, of dis- 
tinctly similar physical properties, produced when various carbo- 
hydrates are heated with acid. Inasmuch as the former products 
are known to contain nitrogen and the latter not to do so, the 
terms “nitrogenous-’’ and “non-nitrogenous humin” have been 
used to describe them. “Humins” have been defined by some as 
“substances of a melanin-like nature,” and as the melanins 
(themselves not strictly definable) contain nitrogen, objection 
has sometimes been raised to use of the word “humin” in de- 
scribing the materials of purely carbohydrate origin. The word 
“humin” will be used very loosely in the following discussion. 

Whilst it is uncertain whether proteins entirely freed from car- 
bohydrate, carbohydrate residues, uronic acids, etc., would yield 
“humin substances” within a normal hydrolysis period, the in- 
vestigations of Eoxas (254) in 1916 suggested that protein humin 
possibly had its origin in a carbohydrate impurity. Roxas ob- 
tained nitrogenous humins by heating pentose and hexose with 
various amino acids in hydrochloric acid solution. Gortner and 
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Blish (90) in 1915 had already found that the insoluble humin 
formed by heating tryptophan with carbohydrate in acid solution 
contained most of the tryptophan nitrogen, and Eoxas was able 
to confirm this and to demonstrate smaller losses with tyrosine, 
cystine and the basic amino acids. He found that some sugars 
were more reactive than others and concluded that the formation 
of furfural and substituted furfurals from the sugars may have 
been largely responsible for the subsequent appearance of hu- 
min. Both he and Gortner (89) obtained evidence of pronounced 
activity between furfural and some amino acids in acid solution, 
with the formation of nitrogenous humins. 

Subsequent work by others has extended these findings, and it 
has thus come to be believed that humin formation is due to car- 
bohydrate inclusion and to a greater or lesser extent may take 
place through the condensation of furfuraldehydes with them- 
selves and with amino acids. Various condensation mechanisms 
have been proposed. Apart from an ill-defined adsorption process 
and a generalised aldehyde-amine condensation (see, for exam- 
ple, Levy, 136) which may be operative in the case of many 
amino acids, more specific condensations must be considered, as 
in the ease of cysteine, tjrosine and tryptophan, for mercaptans 
readily condense with aldehydes to form mercaptals, phenols 
condense with aldehydes forming substances akin to “bakelite,” 
and indoles readily form coloured condensation products with 
aldehydes (a tjqpe of reaction which has been exploited in meth- 
ods of estimating tryptophan). These three amino acids, inci- 
dentally, are among the most susceptible to loss associated with 
humin formation. Nor can the possibility be ignored that some 
amino acids, not directly able to contribute much to the forma- 
tion of nitrogenous humin, may yet do so indirectly and at least 
temporarily in consequence of their peptide linkages with amino 
acick which do condense readily. The presumption is that they 
would be freed by continued hydrolysis, but their own reactivity 
in condensation reactions may be increased or their peptide link- 
ages protected in some way. Bergmann (11), for example, con- 
sidered that peptide groups may react with aldehyde. Eoxas 
(254) believed that the presence of one amino acid could increase 
the susceptibility of another to enter into humin formation. 

MiUer and Chibnall (171), having suspected from the large 
acid-humin formation the presence of considerable carbohydrate 
impurity in their leaf-protein preparations, were disappointed by 
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their inability to isolate more than several per cent by weight of 
a polysaccharide after alkali-hydrolysis and to obtain more than 
some 1 per cent by weight of furfural by distilling the prepara- 
tions with hydrochloric acid under the Tollens conditions. But 
we know now that the yield of furfural from pentoses and pento- 
sans under the Tollens conditions is very greatly reduced by the 
presence of protein (Lee, private communication), and the low 
yields obtained by Miller and Chibnall can be taken as an indica- 
tion, not that the amounts of substance capable of yielding fur- 
fural were correspondingly small, but that they must have been 
very much larger. 

It is of some interest to enquire into the composition of the 
humin obtained from a few sources. In the first place, we may 
consider the humin obtained by Bailey on heating 1 g. of edestin 
in acid solution with 0.1 g. of arabinose. The weight of humin 
varied, with a mean of 0.082 g., and contained 0.0048 g. of nitro- 
gen and 0.0010 g. of sulphur. Like the humins described by 
Roxas, these were obtained by adjusting the acidity of the hy- 
drolysis mixture to the region of minimum solubility, which ap- 
pears to lie generally at about pH 2.5. We may reasonably as- 
sume that the humin sulphur had its origin in cystine and 
methionine, and that each atom of sulphur would still have an 
atom of nitrogen associated with it, and so 0.0045 g. of the 
humin nitrogen must have come from other sources. We are as- 
suming here that all peptide linkages were hydrolysed, and in 
fact it is only upon this basis that the speculation can be con- 
tinued. If we assume from the work of Roxas (254) that some 70 
per cent of the tryptophan nitrogen and 15 per cent of the tyro- 
sine nitrogen entered this humin, we can account for a further 
0.0019 g. of the nitrogen. The remaining nitrogen, 0.0026 g., rep- 
resents only 1.4 per cent of the original protein nitrogen and its 
origin is probably to be sought chiefly among arginine, histidine, 
proline and hydroxyproline, which together represent a fairly 
large fraction of the protein nitrogen. One of these amino acids 
may have contributed overwhelmingly to the humin nitrogen and 
the others negligibly; or each may have contributed very little, 
approximately in the proportion in which it oeeurs in the protein. 

To ignore the part (if any) played by the furfural double- 
bonds, the condensation reactions presumably involve elimination 
of water between furfural molecules and between furfural and 
amino acid molecules, and, in the latter ease, it might be antici- 
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pated that an amino acid molecnle normally loses only one or two 
hydrogen atoms in the reaction. On this basis, the contribution 
of the amino acids to the weight of the humin may be calculated 
roughly. By taking 120 as the mean residue weight of the cystine, 
methionine, tryptophan and tyrosine moieties, their contribution 
would be 0.021 g. Assignment of an appropriate mean residue 
weight to the rest of the nitropn in the humin, based upon the 
assumption that histidine, arginine, proline and hydroxyproline 
are the chief contributors, can be little better than a guess. Tak- 
ing 70 as the weight associated with each nitrogen atom, the con- 
tribution to the weight of the humin would be 0.013 g. That is to 
say, of the 0.082 g. of humin, 0.034 g. would have been contrib- 
uted by the amino acids and 0.048 g. by the furfural or arabi- 
nose. There is some basis for the assumption that the residues in 
a non-nitrogenous furfural humin may be regarded as dehy- 
drated furfural molecules, but it may not be the case for all the 
furfural residues in a nitrogenous humin. If it is the case, how- 
ever, then in the particular humin under consideration there 
would appear to have been two furfural residues (each of weight 
78) to every amino acid residue. The assumptions concerning the 
nature of the condensation of furfural with itself acquire some 
support from experiment. A pentose should yield 64 per cent of 
its weight of furfural, and thus, by these assumptions, some 52 
per cent of its weight of humin. Actually, a pentose yields some 
humin and about 51 per cent of its weight of furfural in the 
Tollens procedure. Gortner (89) obtained 76 parts of non- 
nitrogenous humin from 100 parts of furfural by heating in acid 
solution, thus suggesting a yield of 49 parts of humin from 100 of 
pentose in place of the calculated 52 parts. Of the 0.052 g. of 
furfural residues which could have appeared (on this basis) in 
the humin obtained by Bailey, most (0.048 g.) has already been 
accounted for, and it would therefore seem that there could have 
been very little soluble humin present. Cystine and methionine 
are both known to have contributed to the soluble fraction, and 
the rest of the tryptophan and some of the tyrosine must have 
been present, too, but the total contribution by all the amino acids 
involved must have been small. It must have been some three 
times as large if, despite the evidence of Gortner’s (89) experi- 
ment, the condensation of furfural with itself is of the aldehyde- 
aldol or aldehyde-paraldehyde type, but that would still be small. 

These speculations have been based upon very meagre and 
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uiipreeise data and upon many insecure assumptions. That such 
uncertain foundations have to be used is itself an illuminating 
commentary upon the extent of our present knowledge of humin- 
formation. 

In the second place, we may consider the humin obtained from 
two cocksfoot leaf-protein preparations which contained very lit- 
tle ash. The percentages of nitrogen in these preparations were 
13.05 and 14.1, and the weights of humin as percentages of the 
weights of the corresponding preparations were 19.3 and 15.0, 
the humins containing 7.2 and 5.6 per cent of the protein nitro- 
gen, respectively. On the basis of the previous calculations, about 
34 per cent and 37 per cent, respectively, of weights of these 
humins could be attributed to the amino acid residues involved, 
and, if we assume that the impurities in the preparations were all 
of a pentosan character, we find that the percentages of nitrogen 
in the ‘‘impurity-free’^ materials were 16.7 and 16.8, respec- 
tively. The close agreement may be fortuitous, but it is favoured 
by the fact that the known differences in the amino acid compo- 
sitions of the preparations are very small. The order of magni- 
tude, too, is supported by other evidence. Miller (170), from an 
approximately determined amino acid composition of several 
preparations, concluded that the “pure” proteins would contain 
about 16 per cent of nitrogen. Subsequent and more precise 
analytical work with preparations from cocksfoot leaves leads to 
the conclusion that the value may be nearer 16.5 per cent in these 
cases. Chibnall and Grover (43) have quoted values of 16.25 per 
cent and 16.7 per cent, respectively, for actual (impure) prepa- 
rations from spinach and broad-bean leaves. 

Of the real nature of the common impurity in the leaf-protein 
preparations, very little is definitely known. In association with 
the protein, it forms fairly clear solutions both on the acid and 
alkaline sides of the apparent isoelectric region of the protein, 
and it is precipitated with the protein on flocculation. In amount 
it may vary widely, so presumably only a fraction of it, if any, 
can be prosthetically associated and escape the category of 
“genuine impurity.” Prom the solubility relationships it seems 
rather unlikely that it (or most of it) can be a simple pentosan. 
It may be a pectin, but the most attractive hypothesis is that it 
belongs to the mucilages; for all mucilages are not of the same 
composition, and so we are left with a tentative explanation of 
the very variable cystine losses resulting from acid-digestion of 
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preparations wMcli are of similar degrees of ‘^purity, but of 
different origins among the species of plant leaves. The point 
cannot be stressed, bowever, because the proteins themselves are 
not of identical composition. 


APPENDIX II 


The Estimation of Nitrogenous Bases, Dicarboxjlic Acids and 
Amide Nitrogen in the Impure Leaf-Protein Preparations, 

I N Appendix I, Dr. Lugg has pointed out the difficulties which 
attend the estimation, after acid hydrolysis, of cystine, 
methionine, tryptophan and tyrosine in the leaf proteins 
made by methods described in Chapters YI and YII, due to im- 
purities — ^he suggests that they maj- be mucilages — ^which accom- 
pany the proteins in the leaves and cannot be separated from 
them during the course of preparation. These findings have ne- 
cessitated a careful re-examination of the methods to be used for 
determining certain other amino acids and also the amide nitro- 
gen, for we were anxious, if possible, to estimate these not only 
in the impure leaf-protein preparations, but also in products pre- 
pared from dried leaves by methods described below, which con- 
tain the whole protein of the leaf. 

The Estimation of Nitrogenous Bases by the Method of 
Block {18). 

The following is a resume of Dr. Tristram ^s results, which will 
be published in full later. 

A. Losses due to the %^resence of pentosan impurities. Solutions 
containing such amounts of arginine, histidine and lysine as 
would be given by 2.5 g. of a leaf protein (N = 17 per cent) were 
added to the requisite amount of sulphuric acid and the mixture, 
after hydrolysis with or without added impurities, was passed 
through the Block procedure. The recoveries of arginine, histidine 
and lysine (after recrystallisation of the picrate) are given in 
table 95 the arginine value carrying a correction for arginine 
silver of 1.1 mg. of arginine nitrogen per 100 ml. of solution 
(Gulewitsch, 105). 

The arginine loss in the presence of 20 per cent arabinose was 
confirmed by a parallel experiment with edestin ; in the absence 
of the impurity the arginine content found was 15.2 per cent, 
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TABLE 95. 
(From Tristram^ 325.) 


Imparity added 

Arginine 

recovered 

Histidine 

recovered 

Lysine 

recovered 

9 - 

% 

% 

% 

None 

. 94 2 

98 

97 

OQ 

Arabinose, 0.25 

......... 86.5 

«7«5 

95 

Arabinose, 0.5 

83.5 

100 

93 

Hemicellulose, 2.5 

73.0 

68 

90 


and in its presence 13.05 per cent, representing a recovery of 85 
per cent in tlie latter case. 

B. Estimation of bases in the leaf -protein preparations. The ni- 
trogen content of these preparations varied between 12.5 per cent 
and 15.5 per cent, and the amount of impurity present was calcu- 
lated on the assumption that the pure protein would contain 17 
per cent. In computing the values given in the various tables in 
Chapters VI and VII, the recoveries given in table 95 have been 
taken as valid, the amount of impurity present being taken as 
equivalent either to 10 per cent or to 20 per cent of arabinose. 

C. Estimation of bases in the whole protein^ ^ of dried leaves. 
The dried and ground leaf material was first treated at the boil 
with dilute citric acid solution to remove all soluble non-protein 
nitrogenous products, sugars, etc., and then with graded strengths 
of alcohol and finally with ether to remove lipoids. The almost 
white residue thus obtained was considered to include the whole 
protein of the leaf and no other (insoluble) nitrogenous product. 
In one particiilar experiment, the dried grass contained 4.2 per 
cent of nitrogen, and, after extraction in this way, the leaf- 
residue contained 5.6 per cent nitrogen. If this nitrogen repre- 
sented protein then, from the point of view of hydrolysis, the 
impurity present was about 200 per cent, and, to reduce this, the 
leaf-residue was boiled for a few hours with sufiScient 7.5 per 
cent sulphuric acid such that, on filtration and concentration of 
the filtrate, the correct conditions for a Block analysis could be 
achieved. About 92 per cent of the leaf-residue nitrogen was ex- 
tracted in this way, and the final residues being almost black in 
colour, it was assumed that the unextracted nitrogen had passed 
into humin. By difference, the extracted material contained 7.9 
per cent nitrogen, and the subsequent hydrolysis thus took place 
in the presence of about 100 per cent impurity. Reference to table 
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95 shows that both arginine and histidine suffer much destruc- 
tion under such conditions, and lysine was regarded as the only 
base which could be estimated with any reliability, the recovery 
being taken as 90 per cent 

The Estimation of Nitrogenous Bases iy the Method of 

Van Slyke, 

Miller (169a) has called attention to the high values for histi- 
dine and lysine obtained when this method is applied to cocks- 
foot protein. The question will be discussed more fully in a forth- 
coming publication by Tristram (325) ; meanwhile some typical 
results given in table 96 show that my earlier base analyses were 
unreliable, and they have therefore been withdrawn (cf. p. 140). 

TABLE 96. 

(Figures given are in percentages of total protein-N.) 

Spinach ZeaMays 

Block Van Slyke Block 
VanSlyke (Tris- (Chibnall (Tris- 
(CMbnall, tram, and Nolan, tram, 


34) 325) 47) 325) 

Arginine-N 13.80 14.1 14.69 14.4 

Histidine-N 3.89 2.2 4.70 2.1 

Lysine-N 9.63 6.2 8.78 6.1 


The Estimation of Aspartic Acid and Glutamic Acid. 

The method used was a modification of that of Foreman (82), 
full details of which will be published later. The hydrolysis of 
these two acids in the presence of 20 per cent arabinose leads to 
no detectable loss of amino nitrogen. 

The Estimation of Amide Nitrogen. 

The well-known Saehi^e conditions, hydrolysis with 5 per cent 
hydrochloric acid for three hours, were used in all cases. The 
usual hydrolysis with 20 per cent hydrochloric acid for 20 hours 
leads to decomposition and enhanced values for amide nitrogen, 
as shown below. 

The variations in the values for amide nitrogen as between the 
extracted protein and leaf-residues which I found in some of my 
early experiments with bean leaves (31) were therefore not valid. ' 
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TABLE 97. 
(Unpublished data.) 


Preparation of rough-stalked 

meadow grass protein 

Whole protein of perennial 

rye-grass* 

Treated residues of perennial 
rye-grass t 


Amide-N as a percentage of 
total protein-N 


Total-N 

After hy- 
drolysis with 
5% HCl for 

After hy- 
drolysis with 
20% HCl for 

% 

3 hours 

20 hours 

13.6 

4.8 

5.9 

5.1 

5.2 

6.3 

3,5 

5.2 

6,6 


The dried and powdered grass was first treated with citric acid, al- 
cohol and ether, as described earlier in this Appendix. 

f Leaf-residues after extraction of protein by the ether- water 
method, which had been subsequently treated as in above footnote. 


APPENDIX III 


The Lipoid Fraction of Chloroplasts. 

A LTHOUGH the chemical composition of the lipoid fraction 

/\ of chloroplasts is rather outside the main theme of this 
I m book, I should like to make brief mention of it here to 
amplify my discussion on the chloroplastic proteins given in 
Chapter VII. 

In 1926, Channon and Chibnall investigated the ether-extract 
of cabbage leaf protoplasm (referred to by them as ' ‘ cyto- 
plasm' ’ ; see footnote, p. 129) . The leaves were ground with water, 
the green juice was expressed and then wanned to flocculate the 
dispersed protoplasm. The separated product was extracted with 
ether and, since the cytoplasm undoubtedly contains but little 
lipoid, it follows that the ether-soluble substances thus obtained 
were derived in large, probably very large, part from the chloro- 
plasts (nucleoplasm, from lack of evidence, must be neglected). 
Samples of cabbage leaves collected at diJBferent times of the year 
gave products exhibiting the fairly constant protein : lipoid* 
ratio of about 3.1:1 (39) and, as the ratio of cytoplasmic to 
chloroplastic protein is about 1:1 (43), it follows that the pro- 
tein : lipoid ratio in the chloroplastic material is 3.1 : 2 or 61 : 39, 
in fair agreement with corresponding values for spinach (cf. 
table 46). 

In view of the probable colloidal relationship between protein 
and phosphatide, the components of the latter are interesting. In 
the case of cabbage it consisted chiefly of calcium phosphatidate 
(40, 28), lecithin and kephalin being absent, but all three were 
present in cocksfoot (312) and runner bean (113). Other points 
worthy of note are the high degree of unsaturation of the glycer- 
ides, and the presence of waxes: cabbage — paraffin and ketone 
(29) ; cocksfoot — primary alcohols (221). 

^ Chibnall and Channon (41) voiced objections to the use of the 
term “lipoid^^ in the case of ether-extracts from leav^, which contain 
chloroplastic pigments. The term is used here for simplicity and to avoid 
confusion in comparing results with those of Menke. 
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■ COMPOSITION OF CHLOROPLASTS, 

A detailed analysis of cabbage and cocksfoot ether-solnble ma- 
terial (unfortunately no ad hoc data for spinach are available) 
is given in table 98. , 

The metabolism of phosphatidic acid in seedlings is interesting. 
Channon and Poster (30) found that in wheat geimi it was pres- 
ent as a mixture of calcium, magnesium and potassium salts. In 
the runner bean (Jordan and Chibnall, 113), the embryo axis 
contained only magnesium salt. This increased in amount during 
germination until the development of the prophylls, when a rapid 
change over to the calcium salt took place, the (fat soluble) mag- 
nesium being possibly utilised in the synthesis of chlorophyll. 

TABLE 98. 

(Compiled from 41, 312, 221, and unpublished data.) 

Ether-'Soluble substances ^ derived in large part from the 
chloroplasts of cabbage and cocksfoot, 

(Figures given are in percentages of total ether-extract.) 



Cabbage 

Cocksfoot 


(Brassica 

{Dactylis 

Pigments 

oleracea) 

glomerata) 

Chlorophyll (a and (3) .... ....... 

9.3 

19.0 

Carotene 

0.5 

0.9 

Xanthophyll ...... . .... 

0.8 

1.75 

Glyceride fatty acids ..... 

17.5* 

38.0t 

Unsaponifiable material, containing : 

Wax 

12.3 

23.3 

Sterols 

4.5 

3.0 

Undetermined 

13.3 

8.4 

Crude phosphatide, f containing : 

Calcium phosphatidate 

18.4 

0.9 

Lecithin 


1 0.6 

Kephalin 




Iodine value 200. 
t Iodine value 150. 

t Considerable losses occur in fractionating these products. 


BIBLIOGRAPHY 


1. Abdebhalden and Herrick 1905. Z. physiol. Chem. 45 ; 479. 

2. Adler, Das, v. Euler and Heyman 1938. Comp. rend. Labor. 

Carlsberg 22 : 15. 

3. Andrews 1903. Jahrb. wiss. Bot. 38 : 1. 

4. Annau, Banga, Qozsy, Huszak, Laki, Straub and Szent- 

Gyorgyi 1935. Z. physiol. Chem. 236 : 1. 

5. Baernstein 1934. J. Biol. Chem. 106 : 451. 

6. 1936. J. Biol. Chem. 115: 25. 

7. Bailey 1937. Biochem. J. 31 : 1396. 

8. 1937. Biochem. J. 31 : 1406. 

9. Baumann 1882. P finger’s Arch. 29 : 419. 

10. Bbnnet-Clark 1933. New Phytologist 32 : 37, 128, 197. 

11. Bergmann 1923. Collegium 132. 

12. Bente 1874. Jour. Landw. 22 : 113. 

13. Beyer 1867. Arch. d. Phartn. 201. 

14. 1867. Land. Vers. Sta. 9: 186. 

15. Bishop 1930. J. Inst. Brewing 27 (N.S.) : 323. 

16. BjORKSTiN 1930. Biochem. Z. 225 : 1. 

18. Block 1934. J. Biol. Chem. 106:457. 

19. Blumenthal and Clarke 1935. J. Biol. Chem. 110 : 343. 

20. Borodin 1876. Bot. Jahresber. 4: 919. 

21. 1878. Bot. Zeitung. 36 : 802. 

22. Boussingault 1868. Agronomic, chemie agr. ei physiol. 4: 

245 ff. 

23. Braunstbin and Kritsman 1937. Enzymologia 2 : 129. 

24. and Kriisman 1937. Nature 140 : 503. 

25. Burkhart 1938. Plant Physiol. 13 : 265. 

26. Butkewitsch 1909. Biochem. Z. 16 : 411. 

27. 1902. Tageblatt des XI Naturforscherkongresses in St. 

Petersburg. 

28. Channon and Chibnall 1927. Biochem, J. 21 : 1112. 

29. and Chibnall 1929. Biochem. J. 23 : 168. 

30. -T — and Foster 1934. Biochem. J. 28 : 853. 

31. Chibnall 1922. Biochem. J. 16 : 343. 

32. 1923. Aim. Bot. 37: 511. 


BIBLIOGRAPHY 287 

34. 1924. J. Biol. Chem. 61:303. 

35. — 1924. BwJiem. L 18 : 387. 

37. - 1924. BiocAem. /. 18 : 395. 

38. 1926. e7. Am. Cfeem. Boc. 48 : 728. 

39. and Channon 1927. Biochem. J. 21 : 225. 

40. and Channon 1927. Biochem. J. 21 : 233. 

41. and Channon 1929. Biochem. J. 23 : 176. 

42. and Grovee 1926. Ann. Bot. 40 : 491. 

43. and Geoveb 1926. Biochem. J. 20 : 108. 

45. Mhlee, Hael and Westall 1933. Biochem. J. 27 : 1879. 

46. and Nolan 1924. J. Biol. Chem. 62 : 173. 

47. and Nolan 1924. J. Biol. Chem. 62 : 179. 

49. and Schrtveb 1920. J. Physiol. 54 : Proc. July. 

50. and Scheyvee 1921. Biochem. J. 15 : 60. 

51. and Sahai 1931. Ann. Bot. 45 : 489. 

52. and "Westall 1932. Biochem. J. 26 : 122. 

53. Clausen 1890. Land. Jahrb. 19 : 914. 

54. Cliet and Cook 1932. Biocliem. J. 26 : 1788. 

55. Cohn 1935. Ann. Review Biochem. 4 : 93. 

56. CoEBET 1935. Biochem. J. 29 : 1086. 

57. CossA 1875. Gaz. chim.ital. 5: Z14. 

58. Ceampton and Finlatson 1935. Empire J. Exp. Agric. 3 : 

331. 

59. Damodaean 1932. BwcAem. J. 26 : 235. 

60. , Jaaback and Chibnall 1932. Biochem. J. 26 : 1704. 

61. and Naie 1938. Biochem. J, 32 : 1064. 

62. Deleano 1912. Z. physiol. Chem. 80: 79. 

63. 1912. Jahrb. mss. Bot. 51:541. 

64. Dennt 1932. Contrib. Boyce Thompson Inst. 4-. 65. 

65. Dessaignbs and Chautaed 1848. Jour, pharm. chim. (3) 13: 

246. 

66. Detmee 1879-1881. Jfflfi.rS. wiss. Bol 12 : 236. 

67. Dixon and Atkins 1913. 8ci. Proc. Royal Dublin Soc. 13 

(N.S.):422. 

68. and Ball 1924. 8ci. Proc. Royal Dttblin 8oc. 17 (N.S.) : 

263. 

69. Dumas and Cahoues 1842. Ann. chim. phys. (3), 6:385. 

70. Bckeeson 1924. Bot. Gaz. 77 : 377. 

71. Edlbacheb 1926. Z. physiol. Chem. 157 : 106. 

72. and Keaus 1930. Z. physiol. Chem. 191 : 225. 

73. Eqgleton 1935. Biochem. J. 29 : 1389. 

74. Eichhoen 1867. Land. Vers. 8ta. 9 : 275. 



288 PROTEIN METABOLISM IN THE PLANT 


75. Elliott, Benoy and Bakee 1935. J. 29 : 1937. 

76. Ehmerling 1880. Lamd Vers. Sta. 24: 113. 

77. 1887. land. Vers. jSta. 34:1. 

78. 1900. Latid Fer^. /Ste. 54 : 215. 

79. Endres 1935. Ann. 517 : 109. 

80. V. Euler, Adler, Gunther and Das 1938. Z. physiol. Chem. 

254:61. 

80a. Pagan and Ashton 1938. Welsh J. Agric. 14 : 160. 

81. Fischer 1936. Z. Bot. 30 : 449. 

82. Foreman 1914. Biochem. J. 8 : 463. 

83. 1938. J. Agric. Sci. 28 : 135. 

84. PouRCRoy 1789. Amm. cMm. (1), 3:252. 

85. Prey-Wtssling 1937. Protoplastna 29 : 279. 

86. Garreau 1851. Ann. sci. not. (3 Bot.) 15:1. 

87. Godlbwski 1903. Bull, intern, acad. sci. Cracovie (B) 313. 

88. 1911. Bull, intern, acad. sci. Cracovie (B) 623. 

89. Gortnbr 1916. J. Biol. Chem. 26 : 177. 

90. and Bush 1915. J. Amer. Chem. Soc. 37 : 1630. 

91. Gorup-Besanez 1874. Per. 7 : 146. 

92. 1874.Ber.7:569. 

93. 1874. Per. 7:1478. 

94. 1877. Per. TO: 780. 

95. Qovwentak 1929. Bee. Trav. Bot. Neerl. 26:19. 

96. Green, R. 1887. Phil. Trans. Royal Soc. Bond. B 178 : 39. 

97. 1890. Proc. Royal Soc. Bond. B 48 : 370. 

98. Green, D. E. 1936. Biochem. J. 30 : 2095. 

99. Grebnhill and Chibnall 1934. Biochem. J. 28: 1422. 

100. Gregory 1937. Ann. Review Biochem. 6 : 557. 

101. and Baptiste 1936. Ann. Bot. 50 : 579. 

102. and Sen 1937. Ann. Bot. 1 (N.S.) : 521. 

104. Grover and Chibnall 1928. Biochem. J. 21 : 857. 

105. Gulewitsch 1899. Z. physiol. Chem. 27 ; 178. 

106. Hansteen 1899. Jahrb. wiss. Bot. 34:417. 

107. Hartig 1855. Bot. Zeitung. 13 : 881 ; 1856. 14 : 257. 

108. 1858. Entwichelungsgeschichte des Pflamzenkeims. 

Leipzig. 

109. Hlasiwetz and Habermann 1871. Ann. 159 : 304. 

110. and Habermann 1873. Ann. 169 : 150. 

111. Hoppe-Seyler 1870. Handbuch der physiologisch- u. patho- 

logisch-chem. Analyse. 3 Aufl. p. 208. 

112. Hosabus 1868. Arch, d. Pharm. 135 : 42. 

113. Jordan and Chibnall 1933. Ann. Bot, 47 ; 163. 


BIBLIOGRAPHY 289 

114. Kabbee, Smienoff, Bhebnspebgee, van Slootbn and TTft, - 

LEE 1924. .0'. CAem. 135 : 129. 

115. Kassell and Beane 1938. J. Biol. Qhem. 125 : 145. 

116. Eoellnee 1879. Land. Jahrb. 8 : supplement 1, 243. 

117. EIiesel 1906. Z. physiol. Chem. 49 : 72. 

118. , BBL 02 aEESKT, Aqotow, BrwscHicH and Pawlowa 

1934. Z. physiol. Chew,. 226 : 73. 

118a. Klein and Taubock 1932. Biochem. Z. 251 : 10. 

118b. Knoop and Maetius 1936. Z. physiol. Chem. 242 : 1. 

119. Knoop and Oesteelin 1925. Z. physiol. Chem. 148 : 294. 

120. Knop and Wolf 1868. Land. Vers. Sta. 10 : 13. 

121. Kolbe 1862. Ann. 121 ; 232. 

122. Keauoh 1882. Land. Vers. 8ta. 27 : 383. 

123. Keebs 1933. Z. physiol. Chem. 218 : 157. 

124. 1933. Z. physiol. Chem. 217 : 191. 

125. 1935. BwcAm.J. 29: 1951. 

126. 1937. Lcmcet. September 25, p. 736. 

127. and Johnson 1937. Enzymologia 4 : 148. 

128. Kuhnb 1876. Verhandl. Naturhist.-med. Vereins zu Heidel- 

berg 1:2S6. 

129. Ktjltzscheb 1932. Planta 17 : 699. 

130. Kustee 1935. Die Pfianzenzelle. Jena. 

131. Khtschee 1901. Z. physiol. Chem. 32 : 413. 

132. Laskowsky 1874. Land. Vers. 8ta. 17 : 219. 

133. Lee 1935. Australian J. Exp. Biol. Med. 8ci. 13 : 229. 

134. Lemoigne, Monguillon and Dbsveatjx 1937. Bull. soc. chim. 

biol.l9:6n. 

135. , Monguillon and Desveaux 1937. Compt. rend. 204: 

1841. 

136. Levy 1933. J. jBioZ. 99: 767. 

137. Lepesohkin 1936. Biodynamica 19 : 1. 

138. Liebaldt 1913. Z. Bot. 5 : 65. 

139. Low 1875. Pfluger’s ArcZi. 22 : 503. 

140. 1892. Cited by Schulze (274, p. 121) from a reprint of 

unknown origin. 

141. 1885. J. pr. Chem. 31 (N.P.) : 129. 

142. Lugq 1932. Biochem. J. 26 : 2160. 

143. 1933. Biochem. J. 27 : 668. 

144. 1933. Biochem. J. 27 : 1022. 

145. 1938. Biochem. J. 32 : 775. 

146a. 1938. Biochem. J. 32 : 2114. 

146b. 1938. Biochem. J. 32:2123. 



290 PROTEIN METABOLISM IN THE PLANT 


146e. 1939. Biochem. J. 33. 

147. MacDougaIj 1920. Carnegie Inst. Wash. Publ. No. 297. 

148. and Spoehb 1920. Proc. Amer. Phil. Soc. 59 : 150. 

149. Maeston 1937. Fourth International Grassland Congress. 

Report: 26. 

150. Maetius 1937. Z. physiol. Chem. 247 : 104. 

152. Mabttos and Knoop 1937. Z. physiol. Chem. 246 : 1. 

153. Mareetj. and Mason 1929. Ann. Bot. 43 : 615. 

154. and Mason 1930. Ann. Bot. 44 : 657. 

155. Mason and Maskell 1929. Ann. Bot. 42 : 189. 

158. McKee, H. S. 1937. New Phytologist 36 : 33, 240. 

159. McKee, M. C. and Lobe 1938. Plant Physiol. 13 : 407. 

160. Menke 1934. Protoplasma 21 : 279. 

161. 1934. Protoplasma 22 : 56. 

162. 1938. Z. Bot. 32 : 273. 

163. Mebcadante 1875. Gaz. chim. ital. 5 : 187. 

164. Meblis 1897. Land. Vers. Sta. 48 : 419. 

165. Matee 1870. Lehrhuch der Agrikulturchemie, p. 154. 

166. Meyeb 1918. Flora 111-112:85. 

167. 1918. Ber. bot. Ges. 36 : 235. 

168. 1920. Morphologische und physiologische Analyse der 

Zelle der Pflanzen und Tiere. Jena. 

169. Michaee 1935. Z. Bot. 29 : 385. 

169a. Mbuder 1935. Biochem. J. 29 : 2344. 

170. 1936. Biochem. J. 30 : 273. 

171. and Chibnall 1932. Biochem. J. 26 : 392. 

172. Molisch 1916. Z. Bot. 8 -. 124. 

173. Mobbis and Weight 1933. J. Dairy Res. 4 : 177. 

174. and Weight 1933. J. Dairy Res. 5 : 1. 

175. Weight and Poweeb 1936. J. Dairy Res. 7 : 97. 

176. Mothes 1925. Planta 1 : 472. * 

177. 1929. Planta 1 : 585. 

178. 1931. Planta 12 : 686. 

179. 1933. PUnta 19 : 117. 

180. 1933. Ber. bot. Ges. 51 : (31). 

181. MOllbe 1887. Land. Vers. Sta. 33 : 311. 

182. Nasse 1872. PfiugeWs Arch. 6 : 582. 

183. 1873. Pfliiger’s Arch. 7 : 139. 

184. 1874. Pfliiger’s Arch. 8 : 381. 

185. NiGHTiNGAiB 1937, Bot. Reviews 3 : 85. 

186. Schebmbbhobn and Robbins 1932. Plant physiol. 7 : 

565. 


BIBLIOGRAPHY 


291 


187. Noack 1927. Biochem. Z. 183 : 135. 

188. Nuccoeini 1930. Ann. cMm. appUeata. 20 : 239. 

189. OsBOENB 1924. The Yegetaile Proteins. London. 

190. — — and Campbell 1897. J. Am. Ghem. Soc. 19 : 454. 

191. and Campbell 1898. J. Am. CJiem. Soc. 20 : 348. 

192. — — and Clapp 1907. J. Biol. Ghem. 3 : 219. 

193. — and Clapp 1907. Am. /. Physiol. 18 : 295. 

194. and Gilbert 1906. Amer. J. Physiol. 15 : 333. 

195. — and Hetl 1908. J. Biol. Ghem. 5:187, 197. 

198. and Wakeman 1920. J. Biol. Ghem. 42:1. 

199. , Wakeman and Lbavenwoeth 1921. J. Biol. Ghem. 49 : 

63. 

200. Paech 1935. PZomto 24: 78. 

201. Palladin- 1888. Ber. lot. Ges. 6 : 205, 296. 

202. Pasteue 1851. Awra. (3), 31: 72. 

203. 1852. Ann. 82 : 324. 

204. Peaesall and Billimoeia 1936. Nature 138 : 801. 

205. and Billimoeia 1937. Biochem. J. Zl: 1743. 

206. and Billimoela 1938. Ann. Bot. 2 (N.S.) : 317. 

207. Peloeze 1833. Ann. 5 : 283. 

208. Peepeee 1872. Jahrl. wiss. Botan. 8 : 429. 

209. 1873. Monatsheft. d. Berliner Ah. p. 780. 

210. 1876. Land. Jahrl. 5: 87. 

211. 1880. Pfianzenphysiologie 1 : 300. 

212. 1897. Plant Physiology. 2d Ed. Translated by Ewart. 

213. Pplugee 1875. Pfliiger’s Arch. 10. 

214. PpENNiNGEB 1909. Ber. lot. Ges. 27 : 227. 

215. Phillis and Masom 1937. Nceture 140 : 370. 

216. PmiA 1844. Gompt. rend. 19 : 575. 

217. 1848. Ann. chim. phys. {Z) 22 : 160. 

218. PniTTi 1887. Qaz. chim. ital. Vl : 519 ; 1888, 18 : 457. 

219. Plisson 1828. J. Pharm. 14:177. 

220. Pollard and Chibkall 1934. Biochem. J. 28 : 326. 

221. Chibnall and Piper 1931. Biochem. J. 25 : 2111. 

222. Peianischnekow 1895. Land. Yers. Sta. 45 : 247. 

223. 1895. Land. Yers. Sta. 46 : 459. 

224. 1899. Ber. lot. Ges. 17 : 151. 

225. 1899. Land. Yers. Sta. 52:137. 

226. 1899. Land. Yers. Sta. 52 : 347. 

227. 1900. Ber. lot. Ges. 18 : 285. 

228. 1904. Ber. lot. Ges. 22: 35. 

229. 1922. Ber. lot. Ges. 40 : 242. 


292 PROTEIN METABOLISM IN THE PLANT 

230. 1924. Eeviie gSn. de Bot. 36 : 108. 

231. and Schtjlow 1910. Ber. iot. Ges. 28 : 253. 

232. Peuntt 1933. Biochem. J. 27 : 387. 

233. PtJCHEE, VicKEEY and Leavenworth 1934. Indus, and 

Engin. Chem. Anal. Ed. 6 : 190. 

235. , ViCEEET and Wakbman 1934. Indus, and Engin. 

Chem. Anal. Ed. 6 : 140. 

236. , Vickery and Wakbman 1934. Indus, and Engin. 

Chem. Anal. Ed. 6:288. 

236a. Quastel and Woolf 1926. Biochem. J. 20 : 545. 

237. Rahn 1932. Planta 18 : 1. 

238. Richards 1932. Ann. Bot. 46 : 367. 

239. 1938. Ann. Bot. 2 (N.S.) : 491. 

240. and Templeman 1936. Ami. Bot. 50 : 367. 

241. Richardson 1934. Proc. Boyal Soc. Bond. B 115 : 142. 

242. 1934. Proe. Boyal Soc. Bond. B 115 : 170. 

243. RiTTHAtJSEN 1860 onwards. Numerous references in Osborne 

(189). 

244. 1866. J. pr. Chem. 99 : 454. 

245. 1868. J. pr. Chem. 103 : 233. 

246. 1868. J. pr. Chem. 103 : 65, 193, 273. 

247. 1869. J. pr. Chem. 107 : 218. 

248. 1872. Die EiweissMrper. Bonn. 

249. and Erbusler 1871. J. pr. Chem. (II), 3 : 314. 

250. Robertson 1928. Council Sci. Ind. Bes. Australia, Bull. 39. 

251. Robinson 1929. New Phytologist 28 : 117. 

252. Rose 1938. Physiol. Beviews 18 : 109. 

253. Rotjelie 1773. Journal de medicine, cMrurgie, pharmacie, 

e#c. 39: 250; 40: 59. 

254. Roxas 1916. J. Biol. Chem. 27 : 71. 

255. Ruhland and Wetzel 1926. Planta 1 : 558. 

256. and Wekel 1927. Planta 3 : 765. 

257. and Wetzel 1929. Planta 7 : 503. 

258. Sachs 1882. Expetimentalphysiologie, p. 380. 

259. 1862. Flora 45 : 129. 

260. Sachsse 1873. Band. Vers. Sta. 16: 61. 

261. 1876. Site. d. Naturforsch. Ges. Beipzig 3 : 26. 

262. and Koemann 1874. Band. Vers. Sta. 17 ; 321. 

263. Said 1934. Thesis, Imperial College of Science, London. 

264. Salomon 1878. Per. 11:574. 

265. Saposchnikow 1895. Bot Zent. 63 ; 246. 

266. SoHULTZE 1861. Arch. Anat. u. Physiol, 1 . 


BIBLIOGRAPHY 

267. ScHUbZE, E. 1877. Land. Yers. Sta. 20:117. 

268. — — 1878. LftM<Z. JaferJ. 7: 411. 

269. 1879. jBo#. jZ’eiiwmgr. 37 : 210. 

270. — — 1880. Land. Jahri. 9: 689. 

271. 1885. Land. Jahri. 14 : 713. 

272. - 1888. Land. Jahri. 17 : 683. 

273. - 1891. Ber. 24: 1098. 

274. 1892. Land. Jahri. 21 : 105. 

275. 1893. Z. physiol. Chem. 17 : 193. 

276. 1895. Z. physiol. Chem. 20:327. 

277. 1895-1896. Z. physiol. Chem. 21 : 392. 

278. 1896. physiol. Chem. 22:435. 

279. — — 1898. Z. physiol. Chem. 24:18. 

280. 1898. Land. Jahri. 27 : 503. 

281. 1900. Z. physiol. Chem. 30 : 241. 

282. 1902. Land. Vers. Sta. 56:97. 

283. 1902. Land. Vers. Sta. 56 : 293. 

284. 1906. Z. physiol. Chem. 47 : 507. 

285. 1906. Land. Jahri. 35 : 621. 

286. 1911. Z. physiol. Chem. 65 : 431. 

287. and Baebieei 1877. Ber. 10 : 199 ; Land. Jahri. 6 : 681. 

288. and Baebieei 1879. Ber. 12 : 1924. 

289. and Baebieei 1880. Land. Vers. Sta. 24 : 167. 

290. and Baebieei 1881. Ber. 14: 1785. 

291. and Baebieei 1883. J. pr. Chem. 27 : 337. 

292. and Bosshaed 1883. Land. Vers. Sta. 29 : 295. 

293. and Bosshaed 1885. Z. physiol. Chem. 9 : 420. 

294. and Castoeo 1903. Z. physiol. Chem. 38 : 199. 

295. and Castoeo 1904. Z. physiol. Chem. 43 : 170. 

296. and Kissee 1889. Land. Vers. Sta. 36 : 1. 

297. and Steigee 1887. Z. physiol. Chem. 11 : 43. 

298. and Steigee 1886. Ber. 19 : 1177. 

299. and Umlaxjet 1876. Land. Jahri. 5 : 819. 

300. and WiNTEESTEnsr 1901. Z. physiol. Chem. 33 : 547. 

301. and Winteestein 1910. Z. physiol. Chem. 65 : 431. 

302. ScHuiiZB, T. 1932. PZawia 16 : 116. 

303. SohOtzenbeegeb 1879. Ann. chim. phys. (5) 16 : 289. 

304. Schwab 1936. Planta 25 ; 579. 

305. ScHWABE 1932. Protoplasma 16 : 397. 

306. Seliwanow 1887. Land. Vers. Sta. 34 : 414. 

306a. Sen and Blackman 1933. Ann. Bot. 47 : 663. 


294 PROTEIN METABOLISM IN THE PLANT 

307. Sharp 1934. An Introduction to Cytology. 3d Ed. New 

York. 

308. Shoeet 1897. J. Am. Ghem. 8oc. 19 : 881. 

309. SiEWERT 1870-1872. Jahresier. f. Agricult urchem. 2: 6. 

310. Smienow 1923. Biochem. Z. 137 : 1. 

311. 1928. Blanta 6 : 687. 

312. Smith and Chibnall 1932, Biochem. J. 26 : 1345. 

313. Spobhb 1919. Carnegie Inst. 'Wash. Publ. No. 287. 

314. and McGee 1923. Carnegie Inst. Wash. Publ. No. 325. 

315. Stare and Baumann 1936. Proc. Roy. Soc. Land. B 121- 

338. 

316. Stiegeb 1913. Z. physiol. Ghem,. 86 : 245. 

317. Sullivan 1858. Ann. sci. nat. (4 Bot.) 9 : 290. 

318. 1926. U.S. Pul. Health Reports 41 : No. 22, 1030. 

319. Suzuki 1897. Bull. Coll. Agric. Tokyo 2 : 409. 

320. 1900-1902. Bidl. Coll. Agric. Tokyo i-.l, 25. 

321. 1900-1902. Bull. Coll. Agric. Tokyo 4 : 351. 

322. SzENT-GvoEG'n 1935. Z. physiol. Chem. 236 : 1. 

323. 1936. Z. physiol. Chem. 244: 105. 

324. Tbebous 1904. Ber. lot. Ges. 22 : 570. 

325. Tristram 1938. Unpublished data. 

326. Ullrich 1924. Z. f. Bot. 16 : 513. 

327. Van Slyke 1912. J. Biol. Chem. 12 : 275. 

328. Vauquemn and Robiquet 1806. Ann. chim. 57 : 88. 

329. Verkada 1938. Chemistry and Industry in J. Soc. Chem. 

Ind. 57:704. 

330. Vickery 1925. Year Book, Carnegie Institution of Washing- 

ton, 24 : 349. 

331 . 1925. J. Biol. Chem. 65: 657. 

332. 1927. Plant Physiol. 2:303. 

333. 1938. Cold Spring Harbor Symposia on Quantitative 

Biology 6 : 67. 

334. , PucHER and Clark 1936. Plant. Physiol. 11 : 413. 

335. , PucHEE, Wakeman and Leavenworth 1933. Carnegie 

Inst. Publ. No. 445. 

. 336. , PucHER, Wakeman and Leavenworth 1937. Conn. 

Agr. Expt. Sta. Bull. 399. 

338. , Puchbb, Wakeman and Leavenworth 1938. Conn. 

Agr. Expt. Sta. Bull. 407. 

339. — _ and Schmidt 1931, Chem. Reviews, 2 ; 169. 

340. Vines 1902-1910. Various papers in Annals Bot. 1902— 

1910. 



BIBLIOGRAPHY 29t 

341. ViETANEsr 1938. AmwaZs of ike Agriculiural College of Swe 

den 5 : 429. 

342. and Laine 1935. Nature 136 : 756. 

343. - — — and Laine 1936. BiocAm. el. 30 ; 1509. 

344. and Laine 1936. Suomen Kemistil 9B : 12. 

345. — and Laine 1937. Suomen Kemistil lOB : 6. 

346. — — and Laine 1937. Suomen Kemistil lOB : 24. 

348. — and Laine 1938. Nature 141 : 748. 

349. — and Laine 1938. Yaittre 142 ; 165. 

350. and Taenanen 1932. Biochem. Z. 250 : 193. 

351. Wagnee-Jaueegs and Rauen 1935. Z. physiol. Chem. 233 


352. Waebueg and Negelein 1920. Biochem. Z. 110 : 66. 

353. Wassilibpp 1901. Land. Yers. Sta. 55 : 45. 

354. 1904. J. Exper. Landw. (Russian). 34. 

355. 1908. Ber. hot. Ges. 26 : 454. 

356. WEHi-MALHEEBB 1936. Biochem. J. 30 : 665. 

358. 1937. Biochem. J. 31: 2202. 

359. and Kebbs 1935. Biochem. J. 29 : 2077. 

360. Weyl 1876. Pfliiger’s Arch. 12 : 635. 

361. 1877. Z. physiol. Chem. 1 ; 72. 

362. WiNKLEE 1934. Z. physiol. Chem. 228 : 50. 

363. Woonp 1929. Rwcfeem-. e7. 23 : 472. 

364. Ybmm 1935. Proc. Boy. Soc. Lond. B 117 : 483 : 504. 

365. 1937. Proc. Boy. Soc. Lond. B 123 : 243. 

366. Zachaeias 1883. Boi Zeitung 41: 209. 

367. Zaleski 1898. Ber. hot. Ges. 16 ; 146. 

368. 1897. Ber. hot. Ges. 15:536. 

369. and Marx 1913. Biochem. Z. 48 : 175. 

370. and Shatkin 1913. Biochem. Z. 55 : 72. 






INDEX 


AbderliaMeBj 97, 

Acid plants (EuWand and Wetzel), 
91. 

Aeonitie acid, as intermediary prod- 
uct of citric acid oxidation, 
192. 

Adler, 105. 

Alpba-ketoglutaric acid, see Ketoglu- 
taric acid. 

Amides, confusion in early literature 
concerning the term, 19. 
presence of, in plants with very 
acid saps, 91. 

Amido-N, estimation of (Saehsse- 
Kormann), 19. 

Amino acid analysis, of leaf pro- 
teins, difficulties of, 138-140, 
Appendices I, II. 

Amino acids, accumulation of, in de- 
taeiied leaves, 174 fiP. 
breakdown of, Schulze first sug- 
gestion that this might give 
ammonia, 48. 

decarboxylation of, in plants, 90. 
in leaves, possible nutritive value 
of, 166, 167, 169. 

isolation of, from white lupins, 56. 
mechanism of synthesis of, in 
plants, 104 ff. 

oxidation of, to ketonic acids, 90. 
synthesis of, from products sup- 
plied by symbiotic bacteria, 
109-111. 

from ammonia, 105 ff. 
from nitrate, 111. 

Amino nitrogen, accumulation of, in 
K-starved barley leaves, 258, 
259, 260, 261. 
donation of, 106, 107, 110. 

Ammonia, as a and (o of protein me- 
tabolism, 75, 82, 103. 
as oxidation product of amino 
acids, 90. | 


detoxication of, in plants, 100, 
193, 237. 

of proteins, Nasse’s views on, 14. 
oxidation of, to amino acids, 88. 
plants (Euhland and Wetzel), 91. 
production of, during germination, 

Schulze ^s original suggestion that 
this might arise through 
breakdown of amino acids, 48. 
synthesis of amino acids from, 
105 fe. 

Andrews, 131, 

Arginine, accumulation of, in seed- 
lings of yellow lupin, 62, 63. 
as primary product of protein 
breakdown in seedlings, 62 ff. 
discovery of, 45. 
oxidation products of, 95, 96. 

Ashton, 187. 

Asparaginase, presence of, in plants, 
107. 

Asparagine, accumulation of, in de- 
tached leaves, 173 ff., 217, 218, 
220, 236, 240. 

accumulation of, influence of tem- 
perature on, 76, 78. 
in germinating lupins, 17, 18. 
in plants enriched with ammo- 
nia, 98 ff. 
in stems, 115, 

as integral part of protein mole- 
cule (Eitthauseu), 14. 
availability of, for protein syn- 
thesis (Schulze), 52 
concentration of, in lupin-seedling 
saps, 18. 
discovery of, 1. 

formation of, and organic acid cy- 
cle in plants, 194. 
effect of carbohydrate and light 
on, 103, 

in plants, Schwab ^s views, 203. 



298 PROTEIN METABOLISM IN THE PLANT 


requires the oxidation of amino 
acids, 89. 

in leaves, early views on origin of, 
41, 42, 48. 

difficulty of isolation of, 172. 
in plants, analogy with urea in 
animal body, 4, 9, 76, 88, 
widespread occurrence of, 5, 6, 
10, 27, 29, 30. 

in seedlings, Schulze’s original 
views on origin of, 37 ffi. 
Schulze later views on origin 
of, 48 ff. 

secondary production of, 50, 
54 f£. 

isolation of, from enzymic digest 
of edestin, 15, 60, 
non-nitrogenous precursors of, 189, 

196 ffi. 

origin of carbon skeleton of, 224, 
234-236, 240, 242. 
oxalacetie acid as precursor of, 
189, 190. 

possible production of, at expense 
of malic acid in leaves, 226- 
229. 

possible secondary production of 
whole molecule from protein, 
91 ffi. 

production and respiration, early 
views on, 76-78. 

role of, in protein metabolism, 6- 
12, 26 ffi. 

in protein regeneration, 8 ffi. 
in respiration (Borodin), 27. 
Schulze ^s view’s on availability of, 
for protein synthesis, 52. 
synthesis of (Piutti), 1. 
by vacuum infiltration of leaves, 

197 ffi. 

in relation to carbohydrate and 
fat oxidation, 193, 194. 
transfomation of, to succinic , 
acid (Mercadante), 24. 
transport of, in plants, 10. 

Aspartase, presence of, in plants, 
190. 

Aspartic acid, biological relationship 
to fumaric acid, 190. 
discovery of (Bitthausen), 13. 
donation of amino-N by, 106 ff. 


in leaf proteins, estimation of, 
2S2. 

Assimilation, Muller ’s views on role 
of asparagine in, 46, 47. 

Atkins, 127. 

Bacteria, symbiotic, synthesis of 
amino acids from products 
supplied by, 109-111, 

Baernstein, 269-271. 

' Bailey, 139, 269, 271, 276, 277. 

Ball, 127. 

Baptiste, 260. 

Barbieri, 33, 35, 45. 

Barley, detached leaves of, changes 
in organic acids of, 238, 239. 
detached leaves of, respiration and 
chemical changes in, 212 if. 
grains of, changes in nitrogenous 
constituents during develop- 
ment, 118. 

leaves of, effect of manurial treat- 
ment on protein metabolism 
of, 254 ff. 

Baumann, 43, 190. 

Beets, roots of, elaboration of gluta- 
mine in, 99. 

Bennet -Clark, 195. 

Bente, 37. . 

.Bergmann,' 275. 

Beyer, 6, 7, 8, 16, 189, 

Billimoria, 113, 118, 182. 

Bishop, 117, 118. 

Bjorksten, 113, 196. 

Blish, 273, 275. 

Block, 280. 

Blumenthal, 269, 270, 272. 

Borodin, 26 ff., 46, 47, 49, 71, 170, 
172, 173, 248, 251 
modification of Pfeffer’s theory, 
31,32. 

Bosshard, 172. 

Boussingault, 3, 4, 5, 7, 0, 94, 100, 
171. 

Brand, 269. 

Braimsteia, 106, 107, 111. 

Buds, Borodinas experiments with 
developing, 27 ff. 

Butkewitseh, 90, 176, 

Cabbage leaves, lipoids of, 284, 285. 


INDEX 


299 


CahourSj .5. 

Campbell, 83. 

Carboliydrates, as agents of protein 
syntbesis in plants, 112, 113. 

Carotene-protein ratio in leaves, 187. 

Oastoro, 56, 62, 63. 

Cbannon, 131, 284, 285. 

.Cbatitard, 2, 9. 

CMbnall, 58, 60, 107, 122, 125 ff., 
131, 175, 178, 179, 186, 187, 
204 ff., 253, 268, 275, 278, 
284, 285. 

Cbloroplastic material, definition of 
term, 130. 

from spinach leaves, composition 
of, 132, 136-138. 
protein-lipoid ratio in, 138. 
separation of (Menhe), 131 ff. 

ChloToplasts, chemical composition 
of, 153, 154. 

lipoid fraction of, 284, 285 
proteins of, early views on role of, 
183, 184. 

properties and amino acid com- 
position of, 155, 156. 
strnetiire of, 153. 

Citric acid, amount present in to- 
bacco leaves, 223. 
cycle (Krebs and Johnson), 193, 
232 ff. 

in lupin seeds, 16. 
of detached leaves, changes in, 
223, 224, 227-229, 232, 233, 
238, 239, 241, 242. 
oxidation of, to a-ketoglutarie 
acid, 192. 

possible reason for storage of, in 
plants, 193-195. 

possible synthesis from malic acid 
in tobacco leaves, 226-229. 
synthesis of, from oxalacetie acid, 
191. ■ 

Cfiapp, 83. 

Clark, 99. 

Clarke, 269, 270, 272. 

Oiansen, 51, 89, 90. 

Cocksfoot, blades of, amino acid 
analysis of protein of, 117. 
lipoids of, 284, 285. 

Cohn, 18. 

Corbet, 111. 


Cossa, 24, 25. 

Crampton, 166. 

Crude protein?^ of forage crops, 
168, 169. 

Cystine, estimation of, in leaf pro- 
teins, 268 ff. 

Cystine content of pasturage and 
wool production, 167, 168. 

Cytologieal terms, definitions of, 
129, 130. 

Cytoplasmic material, definition of 
term, 130. 

from spinach leaves, chemical 
composition of, 132, 136, 
separation of (Menke), 131 ff. 

Cytoplasmic proteins of leaves, 
amino acid analyses of, 141- 
143, 144. 

ether method of preparation (Chih- 
nall), 134 ff. 
properties of, 141, 142. 

Damodaran, 60, 95, 106. 

Deleano, 172, 211, 233, 246. 

Bemjanow, 89. 

Denny, 254. 

Dessaignes, 2, 9. 

Detmer, 44. 

Die Eiweisslcorper, 13. 

Dixon, 127. 

Dumas, 5. 

Eekerson, 111. 

Edlbacher, 96. 

Eggleton, 1 82. 

Eichhorn, 16. 

Emmerling, 46, 47, 49, 113, 114. 
views of, on role of proteins in 
protoplasm, 49. 

Endres, 110. 

Enzymes in vetch seedlings, discov- 
ery of, 11. 

Ether, cytolytic action of, on leaves, 
128. 

Ether method for preparing proteins 
from leaves, 126-129, 134 fi?, 
limitation of, 145-147. 

V. Euler, 105, 107. 

Fagan, 187, 



300 PROTEIN METABOLISM IN' THE PLANT 


Fats, metabolism of, in detached 
leaves, 232, 234. 

oxidation of, to give succinic acid, 
193. 

Ferments, activity of, in plants (Bo- 
rodin), 30. 

Fischer, 180. 

Foreman, 147-151, 282. 

Foster, 285, 

Fourcroy, 122. 

Fowler, 164, 166. 

Frey-Wyssling, 153. 

Fumaric acid, biological relationship 
to other dicarboxjlic acids, 
190. 

Furfuraldehyde, condensation of, in 
humin formation, 274 ft. 

Garreau, 27. 

'^Glei8,''5~7,65. 

Glutamic acid, aerobic dehydrogen- 
ase of, in seedlings, 95, 106. 
dehydrase, presence of, in plants, 
105. 

discovery of, 12. 
donation of amino-N by, 106 ft. 
in leaf proteins, estimation of, 282. 
oxidation products of, 95. 
reversible oxidative deamination 
of, 105, 106. 

Glutaminase, presence of, in animal 
and plant tissues, 107, 108, 
205, 

Glutamine, as component of protein 
molecule, first reference to, 14. 
availability of, for protein syn- 
thesis ( Schulze ) , 52. 
discovery of, 14, 36. 
distribution of, in plants, 58, 59. 
equivalent to asparagine, in pro- 
tein metabolism (Schulze), 32. 
formation of, and organic acid 
cycle in plants, 394. 
in seedlings, secondary production 
of, 08 

in vine leaves, 172. 
isolation of, from enzymic digest 
of gliadin, 15, 60, 
a-feetoglutaric acid as precursor 
of, 190. 


origin of carbon skeleton' of, in 
detached leaves, 234, 235, 241„. 
produetio'n in detached leaves, 219, 
220, '224 ff., 237, 240. 
production of, in plants, enriched 
with ammonia, 98 ff, 
synthesis of, from ammonium glu- 
tam.ate, ,205. 

from di-ammonium .a-ketoglii- 
tarate, 207-210. 

in blades of perennial rye-grass, 
204 ffi. ' 

in detached leaves, 217-219, 224, 
237, 240. ■ . 

01uta.miEe synthesis a.nd oxidation 
of " fats and carbohydrates, 
193. 

Godlewski, 69, 90. 

Gortner, 273-275', 277. ■ 

V. Gorup-Besanez, 11, 19, 21, 30, 
34 C, 49, ,65. . 

on primary products of protein 
breakdown in seedlings, 34 ft. 

Gouwentak, 250, 254, 

Graham, 10. 

Grass, proteins of, amino acid eom- 
' position of, 156, 158, 160-162, 
164, 165. 

proteins of, and milk production, 

Green, 50, 59. 

Greenhill, 204. 

Gregory, 171, 254 ff, 

Grover* 42, 307, I2T, 142, 186, 187, 
278. 

Habernmnn, 14, 15. 

Hansteen, 248. 

Hartig, 5, 8, 27, 28, 29, 38, 65. 
on the translocation of nitrogenous 
nutrients in plants, 5, 6. 

Herrick, 97. 

Heyl, 83. 

illstidine, oxidation products of, 96. 

Illasiwetz, 14, 15* 
and Habermann, on protein com- 
position, 34. 

Hoppe-Seyler, II. 

Hoeaeus, 11. 

Hiimin, fomatioa of, on hydrolysis 


INDEX 301 


of leaf proteins, 138-141, 

, 274fe. 

from leaf proteins, composition of, 
276-278. 

Hjdroxylamine, role of, in amino 
acid syntliesis in plants, 110, 
, 111 . ' 

Hyponitrous acid, formation of, in 
nitrate rednction, 111. 

Hypoxantfeine, possible presence of, 
in plant proteins, 15. 

Infiltration, vacuum, protein synthe- 
sis in leaves by means of, 113. 

laocitric acid, as intermediary prod- 
uct of oxidation of citric acid, 
192. 

Jaaback, 60. 

Johnson, 191, 193, 232. 

Jordan, 285. 

Kassell, 269, 

Kellner, 41, 48. 

a-Ketoglutarie acid, acceptance of 
amino-N by, 106 fp. 
as precursor of glutamine, 190. 
dismutation of, 193. 
oxidation of, to succinic acid, 192. 
reversible reductive amination of, 
105, 106. 

Ketonic acids, as oxidation products 
of amino acids, 90. 
decarboxylation of, by carboxyl- 
ase, 95. 

Kiesel, 136, 174. 

Klein, 64. 

Knoop, 105, 191, 192. 

Knop, 37. 

Krauch, 50. 

Krebs, 90, 96, 107, 191, 193, 205, 
232. 

Kreusler, 13. 

Kritzmann, 106, 107, 111. 

Kultzscher, 91. 

Kutscher, 95. 

Laine, 107, 309, 130, 111. 

Laskowsky, 76, 78. 

Leavenworth, 123, 211, 221 


Leaves, age of, and protein decom- 
position, 78. 

amino acids in, possible nutritive 
value of, 166, 167, 169. 

anaesthetic action of chloroform 
vapour on, 127. 

asparagine in, difficulty of detec- 
tion of, 172. 

basie-N of, unknown constitution 
of, 173. 

ehloroplastic proteins of, amino 
acid analyses of, 155, 156. 

properties of, 155, 156. 

control of protein level in, 244 ff. 

detached, accumulation of amino 
acids in, 174 ffi. 

accumulation of asparagine in, 
173 ffi. 

changes in organic acids of, 223. 

changes in protein content of, 

216, 217, 224, 225. 

loss of nitrogen from, 181, 182. 

parallel breakdown of protein 
and chlorophyll in, 184-186. 

production of asparagine in, 

217, 218, 220, 226, 240. 

proof that proteins may be con- 
cerned in respiration of, 223, 
224. 

protein breakdown in, 173 ff., 
183 ffi. 

proteins that undergo decompo- 
sition in, 184 ff. 

respiratory quotient in, 215, 216, 
220, 237. 

translocation of protein decom- 
position products to petiole in, 
179, 180. 

diurnal variation in protein con- 
tent of, 253, 254. 

labile character of proteins of, 
171. 

of barley, acenmnlation of amino- 
K in, 257. 

effect of K starvation on, 256 ff. 

protein metabolism and manu- 
rial treatment of, 254 ff. 

parallelism between protein me- 
tabolism and respiration in, 
259. 



302 PROTEIN METABOLISM IN THE PLANT 


protein breakdown in, dependence 
on leaf age, 17$. 

related to water content, 244. 
protein-carotene ratio in, 187. 
protein cycle in, 171, 259. 
protein level in, dependence on 
oxygen potential, 245, 246. 
protein metabolism in, regulation 
of (Paecb), 246 

proteins of, nutritive value of, 
160-163. 

stability value of, 170, 171. 
protoplasm of, greater complexes 
in, 149, 150. 

protoplasmic proteins of, prepara- 
tion and properties of, 151 ff., 
155, 357. 

reserve proteins of, nature of, 183, 
188. 

saps of, bydrogen-ion concentra- 
tion of, 142. 

non-protein nitrogenous constitu- 
ents of, 171-173, 

synthesis of proteins in, 113, 246- 
248, 

water content of, and protein level, 
244. 

whole protein of, 158-160. 
vacuum infiltration of, 196 ff. 

Lee, 270. 

Legumin, transformation of, to as- 
paragine (Pfeffer), 8. 

Lemoigne, 111. 

Lepesehkin, 130. 

Leucine, oxidation of, 89. 

Levy, 275. 

Liebalt, 354. 

Liebig, 5, 

Light, role of, in protein regenera- 
tion from asparagine, 4, 9. 

Lobb, 383. 

Low, 43, 51, 88. 

Lucerne, leaves of, non-protein ni- 
trogenous constituents of, 172, ' 
173. 

proteins of, 123, 124, 128, 142, 
346, 156, 161. 

Lugg, 139, 140, 143, 156-158, 160- 
162, 165, 207, 267 

Lupins, arginine content of seedlings 
of, 62, 63. 


amino acids in seedlings of, 56. 
chemical analvses of seedlings of, 
6, 7, lorf., 92. 

metabolism of seedlings of, 92-94. 
Lysine, estimation of, in whole leaf 
protein, 2S1, 282. 

MacDougal, 339. 

McGee, 260. 

McKee, 55. 

McKee, M. C., 183. 

Malic acid, amount of, in tobacco 
leaves, 223. 

as possible precursor of aspara- 
! gine, 6, 24, 25, 226-229. 

as possible precursor of citric acid, 
226-229. 

biological rekitionsbip to other di- 
earboxvlic acids, 190. 
of detached leaves, changes in, 
223, 224, 227-229, 232, 233, 
238, 239, 241, 242. 
possible reason for storage of, in 
plants, 193-195. 

Marston, 167. 

Martins, 191, 392, 

Marx, 95. 

Haskell, 115, 254. 

Mason, 116, 127, 130, 149, 254. 

Mayer, 7. 

Menke, 122, 129, 131 C, 364. 
Mercadant% 24. . 

Merlis, 67. 

Metbionine, estimation of, in leaf 
proteins, 268 IF. 

Meyer, 183. ■■ 

Michael, 178-181, 184-187. 

Miller, 147, 275, 278. 

Moliacb, 183, 188. 

Morris, 364, 166. 

Motbes, 64, 175-178, 196 C, 210, 
244-248, 253, 254, 264. 

Muller, 46, 47, 372. 

Nair, 96, 106. 

IS^asse, 14, 46. 

Nasturtiam, yellowing of leaves of, 
184-187. 

Hegelein, 182. 

Mgbtin^e, 111, 363, 383. 


303 


INDEX 


Nitrate, meetanism of reduction of, 

■ in plants, 111, ' 

reversal of reduction of, to ammo- 
nia, 182, 183. 

synthesis of amino acids from, 

111 . 

Nitrite, as reduction product of ni- 
trate in plants, 111. 

Noaek, 129. 

Nuceorini, 60. 

Nucleus, proteins of, in leaves, 136, 
188. 

Oesterlin, 105. 

Onions, bulbs of, protein metabolism 
in, 80, 

Organic acid cycle, possible role of, 
in protein metabolism of 
plants, 190 ff. 

Organic acids, amount of, in tobacco 
leaves, 223. 

in plant materials, micro-method 
of estimation of, 207. 

of detached leaves, changes in, 
223, 238, 239. 

position of, in metabolism of bar- 
ley leaves, 258, 259. 

Osborne, 83, 119 ff., 133. 

Oxalacetie acid, acceptance of 
amino-N by, 106 

as precursor of asparagine, 189, 
190. 

biological relationship to other di- 
carboxylic acids, 190. 

oxime of, 110. 

presence of, in pea plants, 110. 

Oxalic acid, amount of, in tobacco 
leaves, 223, 

Paech, 9, 67 ff., 113, 116, 117, 246 

Palladin, 51, 89. 

Pasteur, 2, 9, 14. 

Pasturage, cystine content of, 167- 
168. 

Pea, unripe seeds of, non-protein ni- 
trogenous constituents of, 
114-116. 

Pearsall, 113, 181, 182. 

Pelouze, 1. 

Pentosans, as adulterants of leaf 
protein preparations, 139, 140. 


Perennial rye-grass, glutamine ex- 
cretion from blades of, 204, 

Pfeffer, 2, 5-12, 28, 29, 31, 32, 38, 
42, 43,46,51, 65, 71, 122, 170, 
174, 177. 

theory of protein metabolism, 6 ff. 

Pfenninger, 114. 

Pfliiger, 44. 

Phenylalanine, discovery of, 36, 45. 

Phillis, 127, 130, 149. 

Phosphatides, metabolism of, in de- 
tached leaves, 232, 234. 

Phosphatidie acid, salts of, in chloro- 
plasts, 155, 284, 285. 

Phosphorus, organic, in leaf proto- 
plasm (Foreman), 148, 149. 

Pine seedlings, base analysis of, 64. 

Piria, 2, 9, 121. 

Piutti, 1. 

Plants, mechanism of amino acid and 
protein synthesis in, 104 ff. 

Pods, as storehouse of nitrogenous 
substances, 114. 

Pollard, 167, 268. 

Potato, tubers of, glucose content of, 
33. 

Prianisehnikow, 2, 52, 57, 58, 66, 67, 
73, 75 ff., 88, 98 ff., 112, 115, 
177, 189, 237. 

Proline, oxidation products of, 96. 

Protein content of leaves, diurnal va- 
riation in, 253, 254. 

Protein constitution, development in 
theory of, 12 ff . 

Protein cycle in leaves (Gregory and 
Sen), 259 ff. 

Protein factor for forage crops, 158- 
160. 

Protein level, in leaves, control of, 
244 

in leaves, dependence on oxygen 
potential of, 245, 246. 

Protein metabolism, ammonia as a 
and (0 of, 75, 82, 103. 
in barley leaves, effect of K star- 
vation on, 256 ff. 
effect of manurial treatment on, 
254 ff. 

in leaves, general schema for, 194. 
in onion bulbs, 80, 
in plants (Borodin), 31, 32. 



304 PROTEIN METABOLISM IN THE PLANT 


in plants, regulation of (Paecli), 
67 ff., 246ff. 

in seedlings, asparagine as a sec- 
ondary product of, 55 
glutamine as a secondary prod- 
uct of, 58 

modern interpretation of, 86, 
111-113. 

Pf off er ’s views on, 6 
Prianiselinikow ’s views on, 76 
Scimke’s early views on, 37 ft. 
Schulze’s later views on, 45 ft., 
71 fit. 

Protein structure, Baumann’s views 
of, 43. 

Proteins, ammonia of, origin of, 14. 
chloroplastie, breakdown of, in de- 
tached leaves, 184 ft. 
properties and amino acid analy- 
ses of, 156, 159. 
comparison of leaf and seed, 83. 
cytoplasmic and chloroplastie, of 
spinach leaves, 133, 134. 
migration of, in plants, 11. 
of detached leaves, changes in, 
173 ft., 183 ft., 216, 217, 224, 
225. 

of leaf cytoplasm, amino acid 
analyses of, 141, 143, 144. 
preparation of, 131 ft. 
properties of, 141, 142, 
of leaf protoplasm, amino acid 
analysis of, 156 
properties of, 155, 156. 
representativeness of, 158-160. 
of leaves, estimation of bases in, 
280-282. 

estimation of cystine in, 268 fit. 
estimation of methionine in, 
268 ft. 

Poreman’s method of prepara- 
tion, 147, 148. 
labile character of, 171, 
nutritive value of, 160-163. 
organic phosphorus in (Fore- 
man), 148, 149, i 

stable nature of, 170, J7L 
synthesis of, 113, 24^248, 
sulphur distribution in, 268 ft, 
of plants, mechanism of synthesis 
of, 104 fit. 


respiratory combustion of (Bous- 
' singault),' 4. 

of seeds, decomposition of, on ger- 
■ minatioE, 3 fit., 15 ft,, 54 fit. 
early amino acid analyses of, 13. 

regeneration of, in seedlings, O ff,, 
21 fit., 65 fit., 83, 84, 111-113. 

synthesis of, from ammonia, early 
views, 24, 25. ■ 
in leaves, 113, 246-248., 
in ripening seeds, 113 

Protoplasm, of leaves, complexes 

I present in (Foreman), 150.' 

Protoplasmic material, definition of 
term, 130. 

Pruntj, 268, 

Pucher, 99, 183, 207, 211, 221 if. 

Quastel, 190. 

Rahn, 80. 

Reaetion 1, 105; 2, 106; 3, 107; 4, 
108; 5, 108; 6, 109; 7, 110; 
8, 190; 9, 191; 10, 191; 11, 
192; 12, 192; 13, 194. 

Respiration, chemical meehanisms 
of (Borodin), 27. 

of detached barley leaves, chemi- 
cal changes eoneerned In, 
212 

of detached leaves, proof that pro- 
tein may be concerned in, 233, 
234. 

of detached tobacco leaves, chemi- 
cal changes eoneerned in, 
231 ff. 

of detached vine leaves, chemical 
changes coaceraec! in, 213, 
212 . 

of leaves, close parallelism of pro- 
tein metabolism with, 256 ff. 

of seedlings, possibility that pro- 
teins are concerned in, 92-94. 

Respiratory cfuotiant in detached 
leaves, 215, 216, 220, 237. 

Rhubarb leaves, difficulty of prepar- 
ing proteins from, 145-146. 

Richards, 254 ff. 

Richardson, 80, 207. 

Midms mmmmis;, secondary produc- 


305 


INDEX 


tion of glutamine in seedlings 
of, 58 ff. 

Bitthansen, 5, 8, 12-14, 16, 119. 

Eobertson, 167. 

Bobiquet, 1. 

Bouelle, 121, 122. 

Eoxas, 274 ff. 

Bubland, 90, 91, 193. 

Eunner bean, leaf proteins of, 125, 
126. 

Saclis, 11, 183. 

Sachsse, 51, 57. 

Sabai, 178, 179. 

Said, 260. 

Salomon, 15. 

Saposebnikow, 248, 

Schmidt, 46. 

Sehrjrver, 122, 125. 

Sehutzenberger, 42. 

Schulow, 98 ff. 

Schnltze, 170. 

Schulze, E., 2, 5, 12, 15 ff., 31 jff., 40, 
42, 48 fe., 62, 63, 66, 71 fE., 
87 fe., 92 fE., 97, 112 ff., 119, 
122, 172, 174, 175, 189, 252. 

Schwab, 58, 59, 91, 199 ff. 

Sehwabe, 260. 

Seedlings, asparagine as a secondary 
product of metabolism in, 50, 
54 fe. 

asparagine production in, influence 
of temperature on, 76, 78. 
glutamine as a secondary product 
of metabolism in, 58 fl. 
grown in light, analyses at various 
stages of growth, 56, 79. 
protein regeneration in, 71 ff., 
111-113. 

Schulze ^s early views on origin of 
asparagine in, 37 ff. 

Schulze ^s later views on origin of 
asparagine in, 48 fP. 

Seeds, ripening, isolation of amino 
acids from, 114-116. 
ripening, protein synthesis in, 
113 ff. 

Seliwanow, 79. , 

Sen, 171, 256 ff. 

Shatkin, 80. 


Siewert, 16. 

Smirnov, 196, 250. 

Somers, 238, 239, 242. 

Spinach leaves, proteins of, 123, 131, 
132, 136-138, 141. 

separation of protoplasmic mate- 
rial from (Menke), 131 ff. 

Spoehr, 139, 260. 

Stare, 190. 

Steiger, 45. 

Stems, accnmulation of asparagine 
in, 115. 

Stieger, 58. 

Succinic acid, biological relationship 
to other dicarboxylie acids, 
190. 

early view^s on relationship of as- 
paragine to, 24. 

possible production of, from amino 
acids, 95-97. 

Sugars, changes in, during respira- 
tion of detached leaves, 211- 
213, 215, 216, 221, 222. 

Sullivan, 2, 9, 268. 

Suzuki, 62, 64, 90, 98, 246, 

V. Szent-Gyorgyi, 190. 

Tarnanen, 190. 

Tauboek, 64. 

Templeman, 256 fl. 

Tobacco, detached leaves of, chemi- 
cal changes in, 221 fl. 

detached leaves of, respiration of, 
231 ff. 

detached stalks of, chemical 
changes in, 237, 238. 

Tomato plants, sulphur deficiency in, 
163, 164. 

Translocation of nitrogenous sub- 
stances in plants, 115, 116. 

Trebonx, 72. 

Tristram, 63, 83, 156, 159-162, 165, 
280-282. 

' * True protein ’ ^ of forage crops, 
168, 169. 

Tryptophan, estimation of, in leaf 
proteins, 273. 

Tryptophan content of legumes, 166, 
167. 

Tyrosine, detection of, in plants 
(Borodin), 30. 


306 PEOTEIN METABOLISM IN THE PLANT 


estimation of, in leaf proteins, 
273. 

Ullrich, 184. 

Yaenolar protein, from spinach 
leaves, 136, 141. 

Yaenolar solutes, difficulty of deter- 
mining total amount of, 149. 

Yaline, jlrst isolation of, from 
plants, 36, 45. 

Yauquelin, 1, 

Yerkade, 193, 234. 

Yetch, seedlings of, v. Gorup-Be- 
sanez ’s researches with, 34 ff. 

Yiekery, 2, 46, 55, 64, 98, 99, 108, 
169, 172, 173, 183, 193, 205, 
207, 211, 221 ffi., 251, 265. 

Yine, detached leaves of, respiration 
and chemical changes in, 211, 

■■ , 212 " ' 

Virtanen, 107, 109-111, 190. 

Yitaids (Lepesehkin), 130. 

Vitalism, influence of, on current 
opinion of protein metabo- 
lism, 44, 45. 


Wakeman, 123, 133, 211, 221 ff., 251, 
Warburg, 182. 

Wassilieff, 56, 114. . 

Weil-Malherbe, 96, 105,. 219., ■ 
Westall, 58, 61, 206. . 

Wetzel, 90, 91, 193. ' 

Weyl, 5. 

Wheat, developing grain of,' 116, 
117. 

Winterste in, 62, 114, 116. 

Wo'lf, 37. 

■Wool production in sheep, cystine 
content of pasturage and, 
167-168. . 

Woolf,. 190. 

'Wright, 164, m, ^ 

Xanthine, possible presence of, in 
proteins, 15., ^ 

Yemm, ' 211 ffi., 238, ■ 239, 242, 251, 

■■■■ ;. 264 .^^ 

Zaeharias, 1S3. 

ZalesM, 80, 95, 246. 


SILLIMAN MEMORIAL LECTURES 

PUBLISHED BY TALE UNIVEESITT PEES8 


ELECTRICITY AND MATTER. By Joseph 
John Thomson, D.Sc,, LL.D., Ph.D., 
F.B.S., Fellow of Trinity College anil 
Cavendish Professor of Experimental 
Physics, Cambridge University. (Out of 
print.) 

THE INTEGRATIVE ACTION OF THE 
NERVOUS SYSTEM. By Charles S. Sher- 
rington, D.Sc., M.D., Hon. LL.D. Tor., 
P.E.S., Holt Professor of Physiology, Uni- 
versiiy of Liverpool, (Out of print.) 

EXPERIMENTAL AND THEORETICAL 
APPLICATIONS OP THERMODYNAM- 
ICS TO CHEMISTRY. By Dr. Walter 
Nemst, Professor and Director of the In- 
stitute of Physical Chemistry in the Uni- 
versity of Berlin. 

RADIOACTIVE TRANSFORMATIONS. 
By Ernest Rutherford, D.Sc., LL:D., 
P.B.S., Macdonald Professor of Physics, 
McGill University, (Out of print.) 

THEORIES OP SOLUTIONS. By Svante 
Arrhenius, Ph.D., Sc.D., M.D., Director 
of the Physico-Chemical Department of the 
Nobel Institute, Stockholm, Sweden. 
(Fourth printing.) 

IRRITABILITY. A Physiological Analysis 
of the General Effect of Stimuli in Living 
Substances. By Max Verwom, M.D., 
Ph.D., Professor at Bonn Physiological In- 
stitute. (Second printing.) 

STELLAR MOTIONS. With Special Refer- 
ence to Motions Determined by Means of 
the Spectrograph, By William Wallace 
Campbell, Sc.D., LL.D., Director of the 
Lick Observatory, University of California. 
(Second printing,) 

PROBLEMS OP GENETICS. By William 
Bateson, M.A., P.R.S., Director of the 
John Innes Horticultural Institution, Mer- 
ton Park, Surrey, England. (Out of print.) 

THE PROBLEM OF VOLCANISM. By 
Joseph Paxson Iddings, Ph.B., Sc.D. 
(Second printing.) 

PROBLEMS OP AMERICAN GEOLOGY. 
By William North Rice, Frank D. Adams, 
Arthur P. Coleman, Charles D, Walcott, 
Waldemar Lindgren, Frederick Leslie Ran- 
some and William D. Matthew. (Second 
printing.) 

ORGANISM AND ENVIRONMENT AS 
ILLUSTRATED BY THE PHYSIOLOGY 
OF BREATHING, By John Scott Hal- 
dane, M.A., M.D., F,R.S., Hon. LL.D. 
Birm. and Edin., Fellow of New College, 
Oxford; Honorary Professor, Birmingham 
University. (Third printing.) 

A CENTURY OP SCIENCE IN AMERICA. 
With Special Reference to the American 
Journal of Science, 181S-1918. By Edward 
Salisbury Dana, Charles Schuchert, Her- 
bert E. Gr^ory, Joseph Barrel!, George 
Otis Smith, Richard Swann Lxill, Louis V. 
Pirsson, William E. Ford, R. B. Sosman, 
Horaxie L. Wells, Harry W, Foote, Leigh 


Page, Wesley R. Coe and George L. 
Goodale. (Out of print.) 

A TREATISE ON THE TRANSFORMA- 
TION OP THE INTESTINAL FLORA 
WITH SPECIAL EEPEEENOE TO 
THE IMPLANTATION OF BACILLUS 
ACIDOPHILUS. By Leo F. Rettger, Pro- 
fessor of Bacteriology, Yale University, and 
Harry A. Cheplin, Seessel Fellow in Bac- 
teriology, Yale University. (Out of print.) 

THE EVOLUTION OF MODERN MEDI- 
CINE. By Sir William Osier, Bart.. M,D., 
P.R.S, (Fifth printiug.) 

RESPIRATION. By J. S. Haldane, M.A., 

M. D., P.R.S., Hon. LL.D. Birm. and 
Edin., Fellow of New College, Oxford ; 
Honorary Professor, Birmingham Univer- 
sity, and J, G. Priestly, (New edition.) 

AFTER LIFE IN ROMAN PAGANISM. 
By Franz Cumont. (Second printing.) 

THE ANATOMY AND PHYSIOLOGY OF 
CAPILLARIES. By August Krc^h, Ph.D„ 
LL.D., Professor of ZoS-physiology, Copen- 
hagen University. (Enlarged and revised 
edition, third printing.) 

LECTURES ON CAUCHY’S PROBLEM 
IN LINEAR PARTIAL DIFFERENTIAL 
EQUATIONS. By Jacques Hadamard, 
LL,D., Member of the French Academy of 
Sciences; Foreign Honorary Member of the 
American Academy of Arts and Sciences. 

THE THEORY OF THE GENE. By 
Thomas Hunt Morgan, LL.D., Sc.D., 
Ph.D,, Professor of Biology, California In- 
stitute of Technology. (Enlarged and re- 
vised edition.) 

THE ANATOMY OP SCIENCE. By Gilbert 

N, Lewis, Ph.D„ Sc.D., Professor of 
Chemistry and Dean of the College of 
Chemistry, University of California, (Sec- 
ond printing.) 

BLOOD. A Study in General Physiology. 
By Lawrence J, Henderson, A.B., M.D,, 
Professor of Biological Chemistry in Har- 
vard University. 

ON THE MECHANISM OP OXIDA- 
TION, By Heinrich Wieland, Professor of 
Organic Chemistry, University of Munich, 
(Second prmtmg.) 

MOLECULAR HYDROGEN AND ITS 
SPECTRUM. By Owen Willans Richard- 
son, Yarrow Research Professor of the 
Royal Society, King’s College, London. 

THE CHANGING WORLD OP THE ICE 
AGE, By Reginald Aldworth Daly, Sturg^ 
Hooper Professor of Geology, Harvard Uni- 
versity. (Second printing.) 

THE REALM OF THE NEBULAE. By 
Edwin Hubble. (Second printing.) 

EMBRYONIC DEVELOPMENT AND IN- 
DUCTION. By Hans Spemann, Professor 
Emeritus of ZoSlogy, University of Frei- 
burg im Breisgau. 



